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 Summary
 
From a review of the literature it was found that the failures of trees resulted from either uprooting or 
stem breaking, though many factors contribute to the health and continual growth that combats failure. 
Most of the literature cited wind as the main reason for failure, and it was found that there was a 
general lack of research and knowledge on common varieties of Eucalyptus trees, such as Eucalyptus 
camaldulensis and Eucalyptus rubida. There were currently no published results on the E. rubida 
mechanical properties, while only a few publications existed on E. camaldulensis. Recent studies have 
shown that concern was growing about the failure of trees, especially those in close proximity to cities 
and urban development with potential wind speeds increasing due to global warming. 
 
In order to investigate a means of obtaining material properties from living trees (via small core samples 
rather than the industry-standard method of bending tests from felled timber) the use of a relatively 
new instrument was investigated; the “Fractometer II”.  It was found that it could potentially 
complement the industry standard method of testing, because the MOR for E. camaldulensis did not 
significantly differ between either testing methods, meaning that either method would yield valid 
results. E. camaldulensis and E. rubida were found to be significantly different to each other in their 
MOR values, thus it was recommended that Eucalypts be studied at the species level. It was found that 
the MOE for E. camaldulensis was 11.1 Gpa, which was similar to other studies. 
 
Parameters such as tree shape, DBH, crown area, material properties and drag coefficient were 
estimated or measured for E. camaldulensis and E. rubida and these were used to predict the critical 
wind speed for stem breakage. The critical wind speeds were an estimation of the expected critical wind 
speeds for individual Eucalypt trees. Accelerometers were attached to several trees during heavy wind 
storms. Five sets of data from the accelerometers were used to calculate the displacement for each tree 
over an interval of thirty-nine seconds and then calculate the drag coefficient. From the method used to 
estimate drag coefficients, a high range of values were found (from 0.670 -0.915) for E. camaldulensis. 
The critical wind speeds ranged from 37.6 - 111 m/s for stem breakage, which was within the range 
expected from historical data on fallen trees in Victoria. 
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Chapter 1 
1 Introduction and Incentive 
One of the main objectives for this thesis is to provide an extensive literature review on the knowledge 
of the failure of trees in general and specifically Eucalyptus. By doing so, gaps in the literature and 
research will be revealed and then the remaining objectives will be selected experimental work filling 
the gaps for Eucalypts.  
Trees have evolved over many thousands of years and adapt to relatively slow disturbances. Clearly 
trees are environmentally important due to their ability to take in and store carbon dioxide (CO2) and 
respire oxygen (O2). Trees also provide stability and refuge for wildlife, thus are vital to a healthy 
ecosystem. Within the last one hundred years, technology and the production of cities dramatically 
changed following the industrial revolution. This created not only a disturbance for nature but for the 
atmosphere, with changes to the ozone layer increasing the potentially damaging effects of the sun’s 
rays on humans.   
Assessment is usually undertaken when a tree is deemed hazardous (e.g. having a structural defect that 
will result in failure) and is near an area that could put people at risk. Assessment has been increasing in 
recent years since rural and urban areas are blending. As more roads, railway tracks, sidewalks, parks, 
houses, and cities are built, the greater the level of interaction between trees and people and the more 
important risk assessment will become. 
Soil is a major component of the health of a tree, because the soil forms the anchor for the root system. 
If the soil and roots do not attach well, then uprooting may occur. The root system depends on the soil 
to be in good condition in order to resist any changes in the weather.  Halter (1998) on a species of 
Eucalyptus tree determined that soil temperature and soil water contributed significantly to root growth 
and root numbers. This is not surprising since the two parameters are closely related in regards to tree 
health. 
Dieback (the malfunction and sudden mortality of tree stands due to damaging elements) and declining 
stands are good indicators of a tree stand that is under stress or is on the verge of failure. A declining 
stand is easily recognized by a dense understory with heavy litter (Jurskis 2005) or by looking at the 
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individual tree health. In Australia, where Eucalypts are present in large numbers, some declining forests 
have increases in koala populations or mistletoe, which can kill Eucalyptus trees (Jurskis 2005).  
Lindenmayer and Wood (2009) studied the probability of large trees with hollows collapsing in respect 
to the understory growth. After twenty-four years of research, they found that trees surrounded by 
dense vegetation were more likely to fall. The access score (Figure 1) that they created was a numeric 
scoring system, where zero represented no nearby dense vegetation and the access score increases in 
numbers. The probability of fallen trees was due to the moisture content, which creates deterioration 
and ultimately collapse (Lindenmayer and Wood 2009).  
 
Figure 1 Relationship between the probability of collapse of trees with hollows and a score that represents the amount of 
dense adjacent understory vegetation (Lindenmayer 2009). The score increases with increasing amount of vegetation with 
error calculations (dotted lines). 
If fallen trees are examined, then improved indications of how and why that tree fell may be discovered 
(Martin et al. 2001). This would assist in predicting the death of trees that are still living, even though 
studying living trees before they die is ideal but is difficult due to the unpredictability of collapsing trees. 
Health among trees within a stand is likely to be similar; in a study conducted by Martin et al. (2001), 
trees that were close together geographically, shared similar health, while trees further apart from each 
other were different in health. With this knowledge, sampling should become easier so that not every 
individual tree needs to be tested within a stand, and more stands can be tested.  
An individual tree may include parameters such as height, diameter, and wood density, but which of 
these parameters are most important? In the study conducted by Martin et al. (2001), there was a 
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significant relationship between tree health and height, but no relationships between elevation, soil 
saturation, and height. This reveals that tree height is important in relation to a stand’s health. 
In this work the focus is on Eucalypts which mainly occur in Australia, a continent which suffers from 
prolonged periods of drought.  Drought was a major influence on Tasmanian forest declines (Jurskis 
2005), which included mainly Eucalyptus obliqua, E. marginata, and E. sieberi. These species were 
affected drastically by damage, including root rot and drought scorch (Jurskis 2005), which is the 
occurrence of leaves suddenly dying and turning brown on the edges as if burnt (Figure 2). Drought can 
have serious implications to the health of a tree, because of its direct effect on soil and roots. Trees, 
especially Eucalypts, are well adapted to seasonal changes. However, severe and/or prolonged drought 
can cause a tree’s root system to grow shallower or less dense than it normally would (Jurkis 2005). If 
the tree reaches maturity without a proper root system, then uprooting is likely to occur. If drought 
persists for years or causes enough stress on the biological life, it can decrease the health of a tree. This, 
in turn, can cause partial mortality or full mortality of a tree, making it susceptible to windthrow. 
 
Figure 2 Drought scorch causes the foliage of trees to appear to have been burnt by fire (Tree Tech 2012). 
Windthrow, or the failure or death of trees by either uprooting or stem breakage from wind loading, is 
one of the main causes of tree failure. Thus the failure of trees is a complex interaction that includes 
fields of study from wind engineering, botany, soil science, ecology, and climatology. Wind direction, 
spacing between individual trees, tree height, wind direction, drag, tree weight, diameter at breast 
height (DBH), root plate diameter, soil moisture, root depth and mass, soil strength, tension and 
compression stresses, elastic modulus, and many other factors are involved in the interaction of trees 
and their potential to fall (Figure from Quine and Gardiner, 2005). Gibbons et al. (2008) conducted a 
study on several logging sites and looked at DBH, species, height, butt damage, number of hollows, stem 
formation, crown formation, position on slope, distance from intact forest, density, slope, and GPS 
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location as the variables of fallen trees. The results demonstrated that an incomplete crown increased 
the risk of a tree falling by a factor of three, fire-scarring and cavities increased the risk by a factor of 
two, and the greater the height, the lower the risk became for a tree to collapse. This is useful, because 
it limits the variables and eliminates factors that are not as important to study when looking only at 
windthrow and uprooting.  
 
Figure 3 Diagram demonstrating different elements of wind risk on individual trees and the complexity it involves (Quine and 
Gardiner 2005). 
 
1.1 Eucalypts  
Eucalypts, or Eucalyptus as a genus name, are hardwood trees from the family Myrtaceae. They are 
native to Australia, with some distribution in other countries. The ancestry of the Myrtle family migrated 
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from South America and Antarctica (Lindenmayer et al. 2005). The Eucalypt family includes over 700 
species of trees within Australia, and are not often studied due to their limited geographic region.  
It is important to study Eucalypts, because they are also being experimented with for plantation growth, 
both for the profit of Eucalyptus oil and for environment improvement. They represent 52% of urban 
trees within metropolitan areas in Australia, such as Melbourne (Frank et al. 2006). These trees are 
durable and resilient against pests and harsh weather, grow quickly, and mature fast. In this regard, the 
knowledge of how Eucalyptus species react to weather parameters is considered to be vital for assessing 
and consequently controlling the structural failure risk, as this has direct impact on human and 
infrastructure safety. By providing more details on Eucalypts, such as the Modulus of Rupture (MOR), 
which is the flexible strength or bending strength, and the average DBH, data can be extracted from 
these species to provide helpful information for verifying computer models and wind-tunnel test results. 
Wind-tunnel tests have been run on Sitka spruce and pine trees (Stacey et al. 1994; Gardiner 1989), 
nevertheless similar tests have not been performed on Eucalyptus trees. Creating a model of a 
Eucalyptus tree or placing a real Eucalyptus tree inside a wind tunnel would be beneficial to retrieve 
windthrow data on Eucalypts, but is deemed expensive and sometimes impractical.1 With windthrow 
data, prevention of fallen Eucalypts on roads and railways could occur due to more understanding of 
these trees. 
For example, in the state of Victoria, Australia, such trees are common on the sides of roads and there 
are over 4,000 km of railroad track (Hearsch 2007), with many rail tracks surrounded by trees. The result 
of wind storms and poor forest conditions has contributed to many closures and delays of these tracks 
due to downed trees and branches (Figure 4). Some of these outcomes have resulted in derailments. 
Clear-cutting, which is the felling of plots of trees, can eliminate or reduce these events but is 
undesirable because of the alteration of the environment, which could increase potential change in local 
climate, and because of the disagreeable scenery for road and railroad passengers. Clear-cutting is also 
not an option because it only exposes ground for new tree growth and is expensive. By cutting down 
one group of trees, another group, that is less adapted to the edge, become vulnerable as the sheltering 
effect has been eliminated or reduced. Ideally only those trees which are susceptible to falling or 
dropping branches would be culled. 
                                                          
1
 Many Eucalyptus trees are protected by law in Australia due to the sacred meaning they hold for indigenous 
people. 
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Figure 4 A fallen tree across a passenger train (September 2012). 
1.1.1 Shapes of Common Eucalypts 
Eucalyptus trees have a different structure from most common trees with a wide array of shapes due to 
many different species. There are three common Eucalyptus trees: tall, thin stems, with long, thin 
branches (Figure 5), trees with long sweeping leaves on low branches that sway with the slightest wind, 
and trees that are mostly branches. This can obviously make the structure of these trees more complex, 
and likely requires that the branches must be taken into account in a model.  
 
Figure 5 A tall Eucalyptus tree with thin branches and leaves mostly at the top. 
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Eucalyptus species vary between crown formation, bark type, leaves, and overall shape of the tree. 
Predominantly, the leaves and flowers are used to identify each species, since these two features are all 
different between the 700 species of Eucalypts. The type of bark is also used to identify a species, but 
can be similar between some Eucalypts. Crown formation and shape of the tree can vastly change 
between Eucalypts, depending on environment and species. In Victoria, there are many Eucalypt 
species. For the purpose of this research and from observations of Eucalypts around Victoria, the shapes 
of these trees have been simplified into four common types of Eucalypt trees.  
The first common shape of Eucalypts (Figure 6A) is the smallest type of Eucalypt, resembling a bush 
more than a tree in some species. The “trunk” is multi-stemmed, branching below or at ground level. 
Due to the multiple stems, the branches are numerous and foliage covers most of the tree. Examples of 
this group include the Jarrah (E. marginata) and Bog Gum (E. kitsoniana) trees.  
The second shape of a Eucalyptus tree (Figure 6B) is the most common. It is proportionally distributed 
between its crown and stem, where branching occurs above two meters from the ground. The crown 
has even foliage and the branches vary in size and length. Examples of this group include the River Red 
Gum (E. camaldulensis) and Candlebark Gum (E. rubida) trees. 
 
Figure 6 The four common shapes of Eucalyptus trees in Victoria, Australia, such as multi-stemmed (A), multi-branched (B), 
tall, evenly branched (C), and tall, branched at top of crown (D). 
The third common shape of Eucalypts (Figure 6C) is similar to the second, but the trees tend to be taller, 
up to fifty metres, with even branching throughout the crown. The branches are similar in length and 
size. Examples of this group include the Alpine Ash (E. delegatensis) and Messmate (E. obliqua) trees. 
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The fourth common shape of Eucalypts (Figure 6D) is also very tall, above fifty metres usually, but 
branching occurs much higher on the stem, approximately thirty meters higher, toward the top of the 
stem. The crown consists mainly of foliage at the top of the branches. Examples of this group include the 
Coast Grey Box (E. bosistoana) and Mountain Ash (E. regnans) trees. 
Some of the most common Eucalypts around Victoria has been classified into these four groups (Table 
1), primarily based on their crown and stem shape and height, not leaf or bud characteristics.  
GROUP A GROUP B GROUP C GROUP D 
Eucalyptus kitsoniana 
(Bog Gum, Gippsland 
Mallee) 
Eucalyptus 
camaldulensis 
 (River Red Gum) 
 
Eucalyptus delegatensis 
(Alpine Ash) 
 
Eucalyptus bosistoana 
(Coast Grey Box) 
Eucalyptus pauciflora 
(Snow Gum, White 
Sallee) 
Eucalyptus camphora 
(Mountain Swamp 
Gum) 
 
Eucalyptus radiata 
(Narrow-leaved 
Peppermint) 
 
Eucalyptus sieberi 
(Silvertop Ash) 
 
Eucalyptus perriniana 
(Spinning Gum) 
Eucalyptus rubida 
(Candlebark Gum) 
 
Eucalyptus regnans 
(Mountain Ash) 
 
Eucalyptus regnans 
(Mountain Ash) 
Eucalyptus marginata 
(Jarrah) 
 Eucalyptus obliqua 
(Messmate) 
 
Table 1 Four groups classifying common shapes of Eucalypts in Victoria, Australia. 
James et al. (2006) studied two species of Eucalyptus trees in regards with the swaying motion of the 
branches and found that the gum trees (Group A and B in Table 1), which had many branches and a 
relatively small trunk, were designed to withstand large oscillations. The greater the ratio between mass 
of the branches and mass of the stem, the larger the damping effect, which creates branches that can 
survive during a windy day. These results demonstrated that branches on Eucalyptus trees are important 
in helping the tree against windthrow.  
 
1.2 Branches, Pruning and Defects  
As mentioned previously, branches are important in their wind loading affects, although with some 
species it may not be as important. Studies suggest different reasons for branches to fall from trees, 
however, which makes studying them complex. It is argued in some studies, such as James et al. (2006), 
that branches of a tree need to be studied for stem breakage, because the oscillating motion of the tree 
creates a more complex wind loading structure.  
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1.2.1 Branch Dropping  
Branches can be lost by wind or ice, but some species of trees drop branches for no clear reason. It has 
been theorized that branch drop, which is the process of a branch naturally breaking away from the 
stem, happens due to wood rot in a branch or disease that could infect the whole tree, effectively an 
“amputation” of the branch to keep the whole tree alive. Branches are of concern because some species 
have branches as large as the trunk. That is the reason why research is also focused on the branches of 
trees rather than just the stem of a tree.  
Some species of Eucalypts have self-pruning techniques, such as Eucalyptus regnans and Eucalyptus 
delegatensis (Lindenmayer 1993). These techniques can include leaf shedding or branch dropping. The 
exact reason for this process is still unknown, although there are speculations that the shedding of 
branches helps reduce the risk of decay and infestations. It is also thought to give more space for the 
tree to grow in a crowded forest (Lindenmayer 1993). When a branch falls from a tree, it may leave a 
cavity or hole (Lindenmayer 1993), which can influence the wood density and resistance to windthrow. 
Another theory for branch shedding is that the older a branch is, the more likely it will become decayed 
(Lindenmayer 1993). Thus, it is better to shed the branch before rot sets in, so that it does not affect the 
rest of the tree.  
1.2.2 Pruning Treatments 
Pruning treatments can decrease an individual tree’s stem diameter, especially when a large area of the 
canopy is removed or when branches are removed (Pinkard and Beadle 1998, Pinkard and Beadle 
1998b). This can include the shedding of branches or branch failure due to wind. Pruning creates a gap 
within the canopy and on the stem. This can then affect the stem diameter if the tree is still growing. If 
the stem diameter does not grow to its full potential, then this could affect the ability to withstand 
windthrow. Munoz et al. (2008) used conservative pruning techniques and found that these treatments 
did not affect tree growth if done later in the lifespan of a tree. Thinning did, however, increase the 
stem, crown, and total biomass of an individual tree (Munoz et al. 2008). This study contradicted other 
research done (such as Pinkard and Beadle 1998), which suggests that more research on this topic 
should be explored in order to provide a more definite answer. 
Branch removal, which is another gap found in the literature, should be studied further, because even 
though the sway of branches on Eucalyptus trees was studied by James et al. (2006), trees with missing 
branches were not compared. When a branch is no longer a part of a tree, it creates a gap within the 
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canopy and a hole in the trunk. This may cause the tree to act as it did before the lost branch, or it may 
cause more stress on the trunk and create oscillations that lose their damping effect. All of these effects 
are caused by the removal or failure of a tree branch, which can then induce rot, infestation, mechanical 
properties, and movement.  
1.3 Wood Properties   
Wood provides mechanical support and transportation for water between the roots and canopy. The 
mechanical support and transportation have different impacts on the wood density. For example, the 
cell wall of wood provides rigidity and the required stiffness needed for mechanical purposes, while it 
also allows for holes or openings within the cell wall in order to transport water easily. These create 
conflicting properties, but also give trees the flexibility to adapt.  
Thus, wood is not homogenous, and is a highly complex material which included deformities and a 
variety of grain direction. Lindstrom et al. (2009) used acoustics to determine if there were any major 
differences between the modulus of elasticity (MOE) (see definition later) on one side of tree compared 
with the other side. Their results found that the MOE does not vary between the northern and southern 
sides of a tree (2009). This means that sampling on either side of the tree will be similar.  
Lindstrom et al. (2009) also found that some growth factors may be able to predict the MOE of a tree, 
but that the MOE in one species of Pine trees varied significantly due to growth conditions and specific 
characteristics of the tree.  
1.3.1 Density  
Wood density and MOE are considered two of the most important properties when determining wood 
quality (Watt et al. 2008; Wang et al. 2005; Lasserre et al. 2007), because discovering the factors of 
these properties can assist in the development of models which will predict these properties across 
different environmental gradients.  
1.3.2 Stresses   
A tree must overcome many different kinds of stress in order to thrive in an environment. These stresses 
include, but are not limited to, growth stresses (i.e. pollution, pests), bending stresses (i.e. from wind), 
and environmental stresses (i.e. droughts) (Figure 7).  
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Figure 7 Different stresses a tree must overcome (Mattheck and Kubler 1997). 
All of these stresses affect the way a tree grows and adapts within its environment. Stress is generally 
good for adaptation and growth, but too much can be detrimental to a tree’s health and too little will 
make it vulnerable for future disturbances.  
1.3.3 Knots and Defects 
Wood defects, cracks, and knots all create stress on a tree. Knots can form when branches break off and 
the wood heals over the wound.  
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Figure 8 An irregular-shaped knot with different wind direction and forces (Mattheck and Kubler 1997). 
The stress concentration factor (scf), which is the ratio between the maximum and applied, varies 
depending on the shape of the knot and the direction of the applied forces, which can been seen in 
Figure 8. Irregular shaped knots can have multiple effects on tree structural integrity. Since irregularities 
are common in trees, stress analysis is rather complicated. Therefore, approximation and simplifying the 
shapes and defects are necessary in order to extract meaningful data for the structural and complex 
biological properties in trees. 
 
1.4 Structural Characteristics 
1.4.1 Modulus of Elasticity (Young’s Modulus) and Modulus of Rupture 
One of the main keys to the mechanics of trees is the MOE, which is the ratio between stress and strain 
under elastic (recoverable) deformation, and is an important property of wood (Illic 2003.) This is 
sometimes referred to as Young’s modulus and is the resistance to deflection or deformation under an 
applied load. The larger the Young’s modulus, or E value, the more rigid the material becomes, meaning 
the more load a material can hold. Bending MOE measures the resistance to bending deflection and 
relates to stiffness. 
MOR is the flexible strength or bending strength. MOR is an important property because it determines 
the maximum load that can be sustained before rupture, and is important in timber manufacture (Mack 
1979). This means that MOR can provide an overall strength of the wood of a species of tree, whereas 
MOE only gives wood’s deflection.  
Young’s modulus was reported in a study by Wang et al. (2005) as independent of the wood density in 
softwood species, with no significant relationship in the longitudinal direction and gravity. MOE 
significantly varies between species within the same genus (Watt et al. 2008; Moore and Maguire 2004). 
Thus, a very large sample would be necessary to characterise Eucalypts’ behaviour, since there are over 
700 species in existence. That is primarily the reason for which most researchers, when studying MOE, 
are categorizing all species into their genus. This simplified approach provides a single MOE figure, but it 
needs to be concluded whether species within a vast genus, such as Eucalyptus, vary significantly or not, 
so as to verify previous and future research on these trees.  
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1.4.2 Tensile Strength 
Tensile strength is a check that measures the stretching of a material until it fails, or breaks, at the 
Ultimate Tensile Strength (UTS). Wood within trees is particularly resistant to breakage from tension 
stress (Green et al. 1999), because the direction of the fibres in the wood is ‘glued’ together in a more 
natural and resistant way. Very few studies have studied the tensile strength of trees (Awan et al. 2012; 
Green et al. 1999) and even less has recorded large amounts of data for specific species (Green et al. 
1999). Of the studies that have been done on tensile strength, some values conflict with each other, 
which means that verifying these studies would be helpful as well. 
1.4.3 Green Timber, Dead Wood, Living Wood  
Green wood, or green timber, can be described as being recently cut, as in a felled tree, and has not had 
time to dry out, thus retaining more moisture than dry wood. Living wood refers the part of a tree that is 
receiving nutrients and growing, closest to the core of the tree. Most early research, had assumed green 
wood E values were the same as living wood (Cannell and Morgan 1987). However, some studies did 
show smaller values for living wood than green wood (Vafai and Farshad 1979; Mamada et al. 1984; 
Nakatani et al. 1984; Cannell and Morgan 1987).  
For testing purposes, Green wood is assumed to have 100% moisture content (Mack 1979). It has to be 
ensured that it has been recently cut and that evaporation of the internal moisture has not commenced. 
The timber industry employs a moisture control process which, in simple terms, consists of drying the 
wood in ovens and steam bathing it to add 12% moisture (Bolza 1978). Mechanical testing (static 
bending tests) is usually performed on timber having 12% moisture content (Mack 1979). Green wood 
gives lower values of MOE and MOR than that of wood with 12% moisture content (Green et al. 1999).  
1.4.4 Structural Properties of Eucalypts 
Ozarska (2009) found that Eucalyptus camaldulensis had an average MOR of 92 MPa within plantation 
timber and 101 Mpa for old-growth wood. This is higher than most tree genuses. The study concluded 
that the ratio of MOE and MOR between plantation and old-growth wood did not vary with age (Ozarska 
2009). This implies that the age of the timber does not have a significant impact on the MOR/MOE, even 
though the values were slightly higher in very young trees.  
The MOR of Eucalypts in the study by Ozarska (2009) was determined according to Australian Methods 
for Mechanically Testing Small Clear Specimens of Timber (Mack 1979). This paper is the foundation of 
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all static bending tests, which has been adopted as a standard for all timber testing in Australia. By 
providing more details on Eucalypts, such as the MOR and the average DBH, more data can be extracted 
from these species to give helpful information.  
 
1.5 Wood Mechanical Testing  
Mechanical testing (usually consisting of static bending tests to determine structural properties) is 
performed on harvested timber under a variety of moisture contents and states (Mack 1979).  
1.5.1 Field Testing with Fractometers 
In order to test green wood without it being harvested, small core samples are taken.  The first common 
handheld instrument to measure MOR by core sampling appears to be the Fractometer. The 
Fractometer was developed in the “hope to replace the awkward specimen preparations for expensive 
testing machines by simply taking increment cores and breaking them in several different failure modes” 
(Mattheck et al. 1995). The initial instrument (Fractometer 1)(Figure 9) was developed into a second 
generation instrument (Fractometer 2) providing improved usability and precision.  
 
Figure 9 Fractometer I (Mattheck et al. 1995). 
The Fractometer tests non homogenous materials, like wood, which can be complex because it is from a 
living system.  
One distinct feature of Fractometer II is its capability to measure the exact angle at which the core 
sample ruptures with the corresponding force. It can measure radial, tangential and axial compressive 
strengths (Figure 10). 
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An increment borer (shown later) extracts a core sample (Figure 10), either radial or tangential, 
depending on the position. This core sample is then inserted into the Fractometer to test its strength. 
For radial bending strength, which is used to calculate MOR, the core sample needs to be inserted with 
the grains facing vertically. Then the Fractometer bends the core sample until it snaps, at which a 
reading is taken to determine the angle and strength it failed (Figure 10).  
 
Figure 10 Mechanical testing of Fractometer II (Mattheck et al. 1995; also in Mattheck and Kubler 1997). 
1.5.2 Static Bending Tests and Fractometers 
Static bending tests differ from Fractometer tests by the size of the samples, the application of the 
force, and the overall design of the experiment. The samples sizes for static bending are usually 20 x 20 x 
60 mm or 50 x 50 x 95 mm, which are significantly larger than core samples, which are 5 mm in 
diameter.  
The force can be applied either as a centre-point loading force or with a four-point loading force, while 
the Fractometer can only apply the force on the end. During a centre-point loading test, the force is 
applied mid-span of the timber sample and sufficiently slows such that the test is essentially static. A 
rate of loading of 2.5mm/min for samples of 50mm and 1mm/min for samples of 20mm is advised by 
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Mack (1979). The rate of loading on the Fractometer is at the discretion of the researcher. Both types of 
static bending tests measure the load on the radial face, meaning the grain of the wood is in the radial 
direction. The apparatus used for static bending tests distributes the force evenly, enabling an accurate 
pressure application for the determination of the deflection.  
Static bending tests are costly and difficult (Illic 2003) compared to the Fractometer. Manual readings 
and applied pressure are decided by the researcher, however it can be utilized on-site (out of the 
laboratory), making it more mobile. Samples for static bending tests are taken from culled trees, which 
are prepared subject to standards of the countries’ timber industry. In comparison, the Fractometer 
tests are less invasive and use untreated wood. As per the Australian Standard, if there is insufficient 
data to calculate the correlated moisture content of the samples to that of 12% with static bending 
tests, then 4% moisture content is assumed. To get valid results for both testing methods, samples must 
be defect-free and force must be applied on the grain in the radial direction. The static bending method 
compared in this thesis complies with the Australian Standard for timber testing (Mack 1979). 
1.6 The Atmospheric Wind and Its Effect on Trees  
Wind is air movement on a large scale, driven by differences in solar radiation, which creates the wind 
currents within the earth’s atmosphere.  The atmospheric boundary layer (ABL) is the lowest part in the 
atmosphere, where wind usually is turbulent. The ABL is usually considered as consisting of the mean 
wind and a fluctuating component - turbulence.  
1.6.1 Speed and Distribution 
Wind speed and strong gusts occur over every type of terrain, but vary with each kind (Figure 11).  
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Figure 11 Mean wind velocity over different terrains (Walshe 1972). 
The wind profile is different for different types of surface roughness (e.g. buildings, trees). When this 
happens, the wind changes its shape or profile. In areas of high roughness, such as forests, there are 
very low levels of wind at the ground as depicted in Figure 12. 
 
Figure 12 The gradient wind profile over a forest and how it changes (Ideas 2012). 
This affects the trees within that forest, because they are mostly protected from strong gusts and wind 
storms (i.e. away from the forest edge). If a tree is in isolation the wind is higher and thus creates more 
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force that acts on the tree. Therefore, a tree without the protection of the forest to break the wind, will 
more likely fail from windthrow.  
1.6.2 Wind and Trees  
Wind is one of the most harmful natural elements to trees (James et al. 2006) and has become an 
increasingly researched topic due to the destruction from intense storms and weather, especially on 
European forests (Blennow and Olofsson 2008). Strong winds have high gust speeds and are associated 
with strong storm events (James et al. 2006). Wind damage can occur when wind and trees interact 
(Blennow and Olofsson 2008), especially with increased wind storms. Blennow and Olofsson (2008) 
explained how extreme climatic changes can increase the amount of wind damage on forests. It would 
not only affect the wind, however, but also other elements, such as soil and other adaptations. 
1.6.2.2 Examples of Fallen Trees from Wind Storms in Australia 
Strong wind storms frequented Victoria, Australia between 2012 and 2014, sometimes occurring every 
week and for consecutive days. Strong wind storms tended to be during the months of September and 
October and caused significant destruction (i.e. see Figures 13 and 14) and sometimes during February 
(Figure 15). During these times, damage from wind occurred on many Eucalyptus trees throughout 
Victoria, Australia. Some of this damage resulted in delays and disruptions along roads (Figure 13) and 
railways. One occurrence resulted in a large Eucalypt breaking in a public park near a children’s 
playground (Figure 15).  
 
Figure 13 (a) A large tree branch from a Eucalyptus tree, fell across a fence, pedestrian sidewalk and a busy highway (October 
2013). (b) A snapped tree branch from heavy wind storms in Geelong (September 2012). 
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Figure 14 (a) The failure of a mature Eucalyptus tree in a park (September 2012). (b) A severe break from a tree (2014). 
 
Figure 15 (a) Stem breakage due to wind on a large, mature Eucalyptus tree in a park (February 2014). (b) A close-up of the 
stem damage of a large Eucalyptus tree (February 2014). 
Simulation models have been developed to predict the behaviour of trees subjected to wind loads, 
based on the drag produced. Wind speed and strong gusts occur over every type of terrain, but vary 
with each kind (Etkin 1972). There have been several models, computational and theoretical, focussing 
on the damaging effects of wind (e.g. Stacey et al. 1994; Quine and Gardiner 2005; James et al. 2006; 
Gibbons et al. 2008 and Gardiner et al. 2008). In general, tree failure can start at wind speeds of 25m/s 
(James et al. 2006). Studies have focused on common species of trees in North America and Europe, 
such as Sitka spruce, Pine, Hemlock, and Oak (Stacey et al. 1994; Green et al. 1999; Gardiner 1989).  
Non-biological factors, such as drag coefficient, wind direction, and velocity of wind, have a strong 
influence on windthrow (Blennow and Olofsson 2008; Everham and Brokaw 1996). The lateral bending 
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moment arises from a drag force (acting at a certain height up the tree) multiplied by the height above 
ground which it acts. 
Drag coefficient varies between different species of trees, because each species of tree has a different 
shape and branch density (As seen in Section 1.1.1). The drag coefficient is defined by: 
[1]         
where Fd is the drag force (the force component in the direction of the flow velocity), ρis the air 
density, v is the wind speed and A is the reference area. The drag force can be determined if the bending 
moment, M, of the trunk is known: 
[2] Fd = M/H 
where M is the moment and H is the height from the ground to the centre of pressure of the tree. The 
moment (M) can be calculated using the fundamental equation of bending: 
[3] M/I = σ/r = E/R 
where I is the second moment of area, σ is the tensile stress (parallel to the trunk axis), r is the distance 
from the neutral axis, which in this case is the trunk radius, E is Young’s modulus and R is the radius of 
curvature. From this equation, with rearrangement, other factors can be calculated in order to estimate 
the drag coefficient. 
Drag coefficient is a measure of aerodynamic resistance which is assured to be nominally constant. 
However, tree deformation may mean that this assumption (i.e. stem, branches and leaves) may not be 
entirely valid since the shape changes as the wind speed increases (Koizumi et al. 2010; Rudnicki 2004; 
Vogel 1989; Vollsinger 2005). 
The Griggs-Putnam index of deformity (Figure 16) is a way to classify the wind speed by analyzing the 
crown shape of the tree caused by wind.  
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Figure 16 The Griggs-Putnam Index of Deformity, which shows how to estimate wind speed based on the movement of a 
small group of trees (Venger Wind 2012). 
1.6.2.1 Bending Strength and Wind 
Wood must undergo constant stresses while growing, including tension and compression stresses 
(Mattheck and Kubler 1997; Mattheck et al. 1995; Götz et al. 2002). Compression stresses occur 
naturally from the force of the weight of the crown and from bending due to wind (Figure 17 and Figure 
18). Tension stresses occur due to bending from the wind as well, in the opposite but equal way of the 
compression stresses. Tension and compression stresses combine as a total stress from axial forces and 
bending.  
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Figure 17 Wind acts on a tree and causes different stresses, which are all uniform (Mattheck and Kubler 1997). 
 
Figure 18 Different stresses that act on a tree (Mattheck and Kubler 1997). 
The bending moment increases with the smallest gap in a forest and almost doubles when a tree stands 
on the edge (Stacey et al. 1994), which means that the more exposed a tree is, the more wind load it will 
be exposed to, ignoring acclimation.  
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1.6.3 Simplified Wind Models  
Relatively simple models have been designed to help represent how a tree reacts to wind, based on 
aerodynamic drag (Figure 19) by Spatz (2000) and Guitard and Castera (1995).  Spatz’s mathematical 
tree model calculates the critical height of a tree above which it would fail with its own weight (Figure 
19a), but the model appears to disregard the branches of a tree and only takes into account the stem 
mass. Guitard and Castera’s tree model (Figure 19b) has grouped masses that represent branches along 
the stem (1995). The modified tree model by Guitard and Castera divides the tree along the stem to 
account for the weight, M, of the branches, while also calculating the height, z, and diameter, D, of the 
stem (1995). This seems well-suited to trees with only relatively small branches (i.e. pines) but may not 
be so applicable to Eucalypts since they usually have a significant number of large branches (Section 
1.1.1). Branch oscillations influence a tree’s movements, perhaps to a greater degree than previously 
thought, but is complicated to study due to the complex geometry of branches (Moore and Maguire 
2008). 
 
Figure 19 Simple tree models. (a) Tree model based on a tree being like a single pole in the wind. (b) Tree model with the 
stem divided to account for different elements, such as height, weight, and diameter (James et al. 2006). 
The health of a tree can depend on numerous elements, which influence the susceptibility to windthrow 
(Blennow 2008; Everham and Brokaw 1996; Gibbons et al. 2008, James et al. 2006). Niklas and Spatz 
(2000) found that wind-induced stress levels were not constant throughout an individual tree, especially 
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when the branches are different sizes. The tree height, location, and individual branch size determined 
the level of stress caused by wind (Niklas and Spatz 2000).  
Other models of trees have been created, such as the simple tree model by Saunderson, which was 
based on a Sitka spruce with the canopy as one large mass on a stem (Saunderson et al. 1999). Another 
model tried to account for the root system as well, where one mass was the canopy and one mass was 
the root system and the stem was an elastic column (Baker 1995). Neither of these models, like the 
simple tree models, includes oscillation motions of the branches on a tree or elastic properties of the 
wood.  
Thus the simple tree models do not accurately represent all types of trees yet distinguish between trees 
with a pole-like structure and no branches, such as palms (Figure 20), and a tree structured with large 
branches that get smaller as they reach the top of the stem, such as most conifers.  
 
Figure 20 A palm tree that represents the pole-like structure of the first simple tree model. 
Moore and Maguire (2008) compared test results of oscillating branches as cantilever beams and 
discrete masses, because they believed that branches were important when studying the dynamics of 
trees. Their results showed that when branches were regarded as individual cantilever beams, their 
natural frequency was lower, which meant that it was a better prediction than evaluating branches as 
masses (Moore and Maguire 2008). Moore and Maguire (2004) also discovered that the natural 
frequency of a tree could be measured by only its DBH and height. 
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1.6.3.1 Critical Wind Speeds for Trees  
Studies have been done on critical wind speeds which induce tree failure (Figure 21) under the limiting 
assumption that wind is the only factor. Moore performed tree-pulling tests in New Zealand to calculate 
failure, which is shown in the failure zone (Figure 21a). Additional research conducted by Brudi and 
Mattheck (2002, 2000), used computer-based programs. General tree failure can start at wind speeds of 
25-26m/s (James et al. 2006; Mayhead 1973) and go to extreme conditions in a hurricane of 70m/s.  
 
Figure 21 Tree Failure. (a) Studies done on overturning. (b) Critical wind speeds (James et al. 2006). 
Blennow et al. (2010a; 2010b) tested four different climate change scenarios in a Swedish forest in order 
to determine increased wind damage. They used different testing techniques (i.e. HWIND, WINDA) in 
order to get an overall view of the future wind patterns and their effects on Swedish forests (Blennow et 
al. 2010a; Blennow et al. 2010b). By using different programs and different scenarios, Blennow et al. 
(2010a; 2010b) were able to predict wind damage. 
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Gardiner et al. (2000, 2014) created Equations 4 and 5 (2000, 2014) in relation to stem breakage and 
uprooting by wind loading: 
[4]                          
[5]           
 
where k = 0.4 (Von Karman’s constant), d is the zero-plane displacement, z0 is the aerodynamic 
roughness, D is the average spacing between trees, G is an empirically derived gust factor, d.b.h. (DBH) 
is diameter at breast height, fknot is the reduction in wood strength due to knots, fedge is the position of 
the tree relative to the edge, fCW is the additional load due to the overhanging weight of the crown, h is 
mean tree height, MOR is the modulus of rupture, Creg is a regression constant and the regression is 
forced through zero, SW is the stem weight and ρ is the air density, all measured in meters. 
These equations were created to estimate the critical wind speed needed for stem breakage or 
uprooting and to give a better understanding of the interaction between tree failure and species. They 
were designed to be manipulated based on the species being studied, so that each equation is flexible 
with the parameters of each species. 
1.6.3.2 Existing Models  
There are other kinds of models, but these are mostly computational. One such model, ForestGALES, 
uses information from site-specific areas to calculate whether a forest will be susceptible to damaging 
winds and how often it will occur (Gardiner et al. 2008). This computer model functions for most types 
of trees, but requires many measurements and specifics of the tree species or forest. This model has not 
been used with Eucalyptus trees. 
 
 
42 
 
Other similar computer models, such as the HWIND model (Gardiner et al. 2008), have the same 
problems when trying to predict Eucalyptus trees. Other researchers, such as Wood et al. (2008) used 
topographic ways of measuring and monitoring Eucalyptus forests. There is simply not enough data 
recorded on Eucalyptus trees for computational models such as these. Simple measurements, such as 
diameter, crown area and MOR, are missing in the literature, creating gaps for Eucalyptus species. Some 
of these basic parameters will be addressed in this thesis. 
1.7 Concluding Remarks 
A literature review on common trees was executed in order to give an in-depth analysis of research that 
done on trees, especially Eucalypts. Much of the literature on tree failure has focused on wind and 
decay, and it was concluded that wind is a major factor in contributing to the failure of trees. There is a 
general lack of research on Eucalyptus tree species, despite them being considered important for 
plantation timber.  
Physical parameters of trees, such as DBH and crown area, are collected in large databases based on 
species. Parameters for Eucalypts, however, have scarcely been recorded at the genus or species level. 
These basic parameters and their relationships were considered an important foundation to research 
Eucalypts, with trusted figures that future studies can build upon.  
Structural properties, such as the MOE and MOR, have been the focus of many studies of trees, except 
Eucalyptus trees. When it comes to the structural properties of Eucalyptus trees, the data seems to be 
elusive or scarce.  
The methods for mechanical testing of timber have been unchanged for decades but are expensive and 
are generally restricted to samples of felled timber using static bending tests. A new method of testing 
timber via using core samples from living trees has been created using the Fractometer. This can 
generate mobile and quick outputs of basic mechanical properties, such as MOR from living trees. Not 
much research has been done with Fractometers and the method is still relatively new in the field. 
Determining the validity of this test method and how results relate to static bending tests is considered 
to be useful for the industry. 
Windthrow, (stem breakage and uprooting), can vary greatly depending on tree genus and gust factor. 
Recent studies have shown that more concern is growing about the failure of trees, especially in close 
proximity to cities and urban development. Whether an increase in concern of tree failure is due to a 
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higher frequency of damaging wind storms (possibly arising from climate change) or just because cities 
are expanding, is still unknown, but the concern is growing and needs to be addressed so hopefully less 
accidents occur. Stem breakage, by combining structural properties and wind, will be the focus of this 
research and has been the focus of many studies on other types of trees.  
1.8 Research Objectives and Scope  
The lack of experimental data on Eucalyptus mechanical wood properties, wind data and biological 
factors confirms the relevance of a study which would build a database and compare these parameters 
with those of other trees from around the world. This would assist in understanding the test associated 
from the wind and hopefully lead to better data for wind risk models. 
The first objective of this research will be to measure and record basic parameters (DBH, crown area, 
height, etc.) of two species of common Eucalyptus trees, that is: River Red Gum (Eucalyptus 
camaldulensis) and Candlebark Mountain Gum (Eucalyptus rubida), which are common within Victoria, 
Australia. With these parameters, mapping of the shapes of Eucalypts can begin so as to give insight into 
these trees and the relationship between crown area and DBH. 
There are currently no published results on the Eucalyptus rubida mechanical properties, while only a 
few publications exist on Eucalyptus camaldulensis (Awan et al. 2012; Ozarska 2009). Thus, a secondary 
objective of this research will be to calculate the MOR from tests on deflection and rutpture of 
Eucalyptus camaldulensis and Eucalyptus rubida. Measured MOR values from the Fractometer II will be 
compared to various trees’ MOR values obtained from static bending tests. Correlation between MOR 
and tensile strength will be determined in order to investigate the relationship, if any, between the two 
parameters. A study of the effects of wind (i.e. drag coefficient, bending moment and critical wind 
speed) combined with structural properties of one of these species of Eucalypts, will provide an overall 
picture of stem breakage and failure. 
The findings of this study should assist researchers in the field of windthrow and stem breakage, by 
providing insight into the biological and mechanical properties of Eucalypts as well as the comparison of 
two methods of testing for MOR.  
Thus the key research objectives are to; 
 Provide a literature review on the properties of eucalypts and highlight the gaps in knowledge; 
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 Measure the diameter at breast height (DBH), deflection, modulus of elasticity (MOE) and 
modulus of rupture (MOR) on two species of common Eucalyptus trees: River Red Gum 
(Eucalyptus camaldulensis) and Candlebark Mountain Gum (Eucalyptus rubida) by; 
o In field measurements of DBH; 
o Taking core samples and local wind measurements; 
 Compare the Fractometer measurements of MOR with Static Bending Tests of similar Eucalyptus 
species and other tree species; 
 Compare measurements and results with other species of common trees; 
 Estimate the drag coefficient and critical wind speeds for one of the species of Eucalypt tested. 
This experimental research will be limited by the following; 
 Only two species of Eucalyptus trees will be studied, even though there are over 700 species of 
Eucalypts in the world; 
 Only mature trees will be sampled; 
 Other factors affecting tree failure, such as root anchorage and pests, will be excluded and the 
sampled trees will be in parklands in close proximity to built-up areas2. 
Because the purpose of this study was to research trees within close proximity to populated areas, this 
could be considered typical of the environment. 
Branch failure will not be studied, since branches in Eucalyptus trees are complex not only in their 
damping effects but also their unknown reasoning for shedding and self-pruning techniques 
(Lindenmayer 2005). Note that most studies performed focus on the trunk properties (Stacey et al. 
1994; Gardiner 1989), enabling easier comparison between trunks, rather than comparison between 
branches. Thus this study has been restricted to trunks for similar reasons and also because the failure 
of a whole tree would be more problematic. 
1.9 Thesis Overview 
In Chapter 1 of this thesis, the literature was reviewed and objectives and scope were defined.  
                                                          
2
 NB. In Australia, despite political pressure being expressed to plant native trees in cities (e.g. Eucalypts), it is very 
rarely done due to the problem of stem breakage and branch dropping.  
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In Chapter 2, the methodology and materials used in the experiments were properly explained so that 
any repetition of this study could be conducted. Both Fractometer and static bending tests were 
conducted to compare results between the two methods. Accelerometers were used to determine 
deflections during strong winds. The data collected was then used to calculate estimated critical wind 
speeds and drag coefficients for one species of Eucalypt. 
In Chapter 3, the results for DBH and crown area were discussed and the relationships between the two 
parameters were investigated. DBH and crown area were important to investigate in order to 
understand the shape of Eucalypt trees, how they differ from other species of trees and, ultimately, how 
wind reacts to their shape. 
In Chapter 4, the results for Static Bending and Fractometer tests were discussed. These two methods of 
testing timber samples were compared to determine if similar MOR values were calculated. This would 
create more ways for researchers to acquire samples to get estimates of MOR and MOE. 
In Chapter 5, the results for Critical Wind Speed (CWS), moment and drag were discussed. Using the 
data obtained from the accelerometers, the CWS, moment and drag coefficients were calculated in 
order to show where this Eucalyptus species compared to other trees. Then tensile strength was 
compared with MOR to determine the importance of another parameter.  
In Chapter 6, conclusions were drawn, limitations of this study were revealed and recommendations 
were mentioned for further studies. 
  
 
 
46 
 
Chapter 2  
 
2 Experimental Approach 
The experimental approach for this research mainly revolved around the Fractometer II and measuring 
the deflection and MOR in both species of Eucalypts. The Fractometer II was used as a tool to obtain 
these measurements from the living trees and then the MOR was calculated. A static bending test was 
used to determine the load deflection characteristics up to breakage for eleven samples of 
E.camaldulensis. Accelerometers were used to determine deflections of one species of Eucalypt during 
strong winds (Figure 22). The data collected from the accelerometers help verify and calculate estimated 
critical wind speeds and drag coefficients of this species of Eucalypt. 
 
Figure 22 Experimental setup of the accelerometers with an anemometer. 
 
2.1 Tree Selection 
This study was undertaken on two natural sites in tall eucalyptus forests in Victoria, south-eastern 
Australia. The first site was Yarra Bend Park (Figure 23) in Fairfield, Melbourne (145°01'34"E and 
37°47'14”S) near the Yarra River. The second site was Wingrove Park (Figure 24) in Eltham, Melbourne 
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(145°08'29"E and 37°43'47”S). The dominant trees in the study were River Red Gum (Eucalyptus 
camaldulensis) and Candlebark Mountain Gum (Eucalyptus rubida).  
 
Figure 23 A satellite view of Area 1 of tree samples from Yarra Bend Park. The two red circles indicate the exact locations of 
clusters of trees that were sampled. 
 
Figure 24 A satellite view of Area 2 of tree samples from Wingrove Park. The red circle indicates the exact location of the 
cluster of trees that were sampled. 
These forests were natural and untouched by clear-cutting. They were mostly used for recreational 
purposes such as cycling and walking. Large highways and a major river (Yarra) were in close proximity 
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of both sites, which could have created a pollution problem. Eucalyptus trees were not along roads or in 
cities but near train lines.  
E. camaldulensis is distributed widely throughout Australia, especially in Victoria. E. rubida was 
distributed throughout cooler areas of Victoria, mostly northeast.  
The species of trees were identified using the 6th edition of Trees of Victoria and Adjoining Areas 
identification book by Leon Costermans. Certain features were important in identifying trees. These 
features included the buds, fruits, bark, branch formation, and both juvenile and mature leaves. The 
buds and fruit of E. camaldulensis (Figure 25) were distinctive with symmetric buds with long, pointed 
tips that opened in spring.  
 
Figure 25 Drawings of the buds and fruit of Eucalyptus camaldulensis (Chippendale 1968) and the leaves, buds, and fruit of 
(Kelly 1989). 
The long, lanceolate leaves of E. camaldulensis (Figure 25) were distinct in their features by having 
parallel veins within the mature leaves and oblong juvenile leaves. The symmetry of the veins within the 
mature leaves was an important detail in identification, along with the buds. 
The buds and fruit of E. rubida (Figure 26) were identified by the lack of symmetry. The bottom of each 
bud was longer than the top, with a more rounded end than the buds of E. camaldulensis. This 
asymmetry was retained as the buds became fruit. The fruit had a round body and a relatively flat top.  
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Most adult leaves in species of Eucalypts appeared to be the same, with similar shape and vein 
formation. Juveniles leaves, on the other hand, were vastly different in each species and was the 
primary factor in identification. The juvenile leaves of E. rubida were round and stalkless, arranged 
opposite each other.   
 
Figure 26 A drawing of the buds and fruit of Eucalyptus rubida (Chippendale 1968). 
 
Figure 27 A mature Eucalyptus rubida. 
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2.2 Fractometer and Increment Borers 
Several approaches were considered for the facilitation of this study. In particular, modeling of a 
eucalypt tree based on wind tunnel tests was investigated as an option, but because of nonexistent 
eucalypt aeroelastic tree models and a lack of resources able to cut down Eucalypts and place whole 
trees in the wind tunnel, this option was rejected as too costly and impractical.  
However, by extracting core samples from trees, the MOR could be calculated with the aid of a 
Fractometer II (Figure 28). The functioning of this device, shown in Figure 28, is performed through a:   
 lever for the measurement of the compression strength (A);  
 lever for the measurement of the bending strength (B); 
 measuring clock for strength with a tow indicator (C); 
 bending lever (D); 
 clamp to hold the core sample (E); 
 track measuring clock for the determination of the bending angle (F).  
 
Figure 28 A picture of the Fractometer II (Götz et al. 2002). 
The Fractometer was measured the force and angle while bending the core sample until it ruptured. 
From the corresponding bending moment, the MOR was calculated. The core samples, 5mm in 
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diameter, were extracted at breast height (~1.3 m), with a 30.5cm 3-thread increment borer (Figure 29), 
which was a specialized drill for hardwood trees.  
 
Figure 29 A 12” 3-thread increment borer that extracts 5mm diameter core samples and the drill bit. 
The DBH of a tree is important for the extraction because it was needed in the calculations for MOR.  
Once the DBH was measured, the drill was placed at the same height to ensure repeatability and 
enforce the calculations.  
2.2.1 Sample Acquisition 
The method of extraction was not found common in eucalyptus trees, probably due to the nature of 
eucalyptus wood. In particular, the outer rings, or sapwood, of eucalyptus wood were moist, but the 
inner rings, or heartwood, were drier. Eucalypts are hardwood trees, making the wood more difficult 
than conifers to drill and to extract a good sample. 
A good sample of a core was one that was in one piece, at least 60mm in length and 5mm in diameter. 
The fibres of the wood had to be oriented horizontally or in the radial direction, with no signs of 
crushing or deformity before placed into the Fractometer. The increment borer was twisted manually 
into the trunk or branch of a tree until the whole drill bit was covered. Once inside the tree, the core 
extractor was inserted into the drill and the core sample was pulled out (Figures 30, 31 and 32). 
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Figure 30 The beginning of drilling into a tree with an increment borer (a). The increment borer must be held at breast height 
at a 90° angle (b). 
 
Figure 31 The species of Eucalypts tested appeared to have moist wood in the outer rings of the trunk (a). The extraction of a 
core, that proved to be a bad sample by the sample being broken and having a rough surface (b). 
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Figure 32 A good core sample, which is in one piece and having a smooth surface, with the wood fibres orientated 
horizontally. 
2.2.2 Sample Storage 
The core samples were collected, stored and labeled in an aluminum container (Figure 33) until used 
with the Fractometer. Before placing in the Fractometer for testing, the samples were dried thoroughly 
by leaving in the container for at least three days. One sample from was broken to determine that the 
wood had dried. This assured that the samples were dry, classifying them as already dead. 
 
Figure 33 An aluminum storage container held the core samples before and after they dried. 
Dead wood is the preferred type of wood  for this study because it is easiest to test in Eucalypts, due to 
their high moisture content, it was more rigid to ensure a clean break, and its results can be directly 
compared to green wood and 12% moisture (as green wood yields the lowest results). Dead wood yields 
higher results than green or wood with 12% moisture (Green at al. 1999). This in turn may produce 
errors, since it yields higher values, compared to the expected average. Moisture is a key factor that 
affects the rigidity of wood and consequently the MOR, due to the fact that trees naturally contain 
water, and therefore are more flexible with moisture. Testing dead wood is still beneficial, however, 
because the values of the MOR from dead wood give an idea of the strength of a species. Dead wood 
yields higher results, therefore comparable data of green wood and 12% moisture can be determined if 
the Fractometer II tests yield higher results than green wood studies. If this is true, then Fractometer 
tests are valuable to the research field. 
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The Fractometer could only use dead wood (dried samples), not green wood, due to the nature of the 
instrument (IML 2013). 
2.2.3 Test Procedure 
The core samples were placed one at a time into the Fractometer II for testing. Each time a core sample 
was placed into the Fractometer, the sample had to be aligned with the end of the part applying the 
force (Figure 34). Once aligned, the two levels were slowly and steadily squeezed together, making the 
arm put pressure on the core sample. Pressure was given until the core sample snapped. The angle and 
pressure at which it snapped was recorded. 
 
Figure 34 Alignment of a core sample in the Fractometer II. 
This procedure was done repeatedly with each sample. The best core samples yielded at least five 
breaks on one sample. Samples with undesirable angles and direction of fibres were dismissed before 
testing commenced. The Fractometer II was used as per the instructions (IML 2013) and the angle and 
pressure at which samples snapped were recorded.  
All of the measurements of the trees and the breakage of the core samples were recorded to be easily 
compared (Table 2). The characteristics of each tree are listed in Table 2. 
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Tree 
Number 
Number 
of cores 
Number of 
breaks per 
core 
Forest Type Wood DBH (m) 
Total Core 
Samples 
E. camaldulensis 1 2 3-4 Natural Mature 0.7484 23 
 2 1 6 Natural Mature 0.2150  
 3 3 2-4 Natural Mature 0.1180  
E. rubida 1 2 5 Natural Mature 0.2102 34 
 2 2 5-6 Natural Mature 0.1756  
 3 1 6 Natural Mature 0.2484  
 4 2 4 Natural Mature 0.2102  
Table 2 The details of all of the core samples collected during experimentation. 
 
2.3 Static Bending Tests 
The static bending tests were conducted according to the Australian standard for wood testing with 
samples sizes of 20 x 20 x 300 mm (Figure 35). The force was applied as a centre-point loading, where it 
was applied mid-span on the timber sample. The rate of loading was essentially static at 1mm/min for 
samples of 20mm (Mack 1979). The distance between supports was 400mm. The machine used for 
static bending tests distributes the force relatively even (i.e. the three area of load application and 
reaction have radiussed edges as shown in Figure 36).  
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Figure 35 A standard sample size of 20 x 20 x 300 mm as per the Australian Standard for static bending tests of timber. The 
force began to bend the sample with the start of a break. 
 
Figure 36 A centre-point loading machines that was used for testing the E. camaldulensis samples. 
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Eleven samples of E.camaldulensis were cut in accordance to the Australian Standard from a timber 
yard, untreated, and tested using static bending tests3. All eleven samples ruptured but in somewhat 
different ways (i.e. single break, multiple breaks). Each break was recorded to determine the MOR of E. 
camaldulensis in comparison with the Fractometer. 
 
2.4 Accelerometers 
Three (x, y, z) directional accelerometers (GCD Concepts 2012) were used to assess the wind 
acceleration and direction with tree movement. 
2.4.1 Calibration 
The accelerometers came pre-calibrated, but a manual calibration was completed to ensure the validity 
of the tests. A static calibration was done for the accelerometers before placing them on the shakers. 
The calibration on the shakers was repeated twice. The accelerometers were calibrated using a model 
shaker for 100lb pak, model #2100E11. A synthesized function generator (GwInstek SFG-2004) and a digi 
storage oscilloscope (GDS-2102, 100MHz 1G Sa/s) were connected to the shaker. A detailed account of 
the calibrations is referred in Appendix A.  
2.4.2 Test Procedure 
The three accelerometers were placed in multiple trees (E. camaldulensis) during heavy winds (Figure 
37). They were tied to the trees with cable ties around the trunk at DBH.  
 
                                                          
3
 Ten timber yards were contacted and the availability of the specific species required was only available at one 
supplier in Melbourne.  
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Figure 37 The attachment of the accelerometers to trees. 
They were left on the trees for various times, during various parts of the year. Most of the experiment 
took place in September, due to strong wind storms.  
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Chapter 3: Results and Discussion of DBH and 
Crown Area 
 
3.1 Stem Breakage and Wind 
As stated before, windthrow can be better understood when all aspects of tree failure are pulled 
together to create an overall picture. MOR, tensile strength, drag coefficient and other forces add to this 
picture so that all types of trees can be incorporated into a model specific to each genus, possibly each 
species. In this chapter, DBH and crown area measurements are given and the relationships between 
the two parameters are investigated. 
3.1.2 DBH and Crown Area 
A sample of ten random trees was taken to assess DBH and crown area within one species of Eucalypt 
(Figure 38). The sample area was taken at a park near residential areas with ten spread out trees to 
ensure that the canopies were not touching each tree. This sample area was taken to represent a 
random population within a species so as to create no bias in the data. 
 
Figure 38 The sample area of E. camaldulensis for the evaluation of DBH, crown area and other parameters. 
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To assess the projected crown surface area and the other dimensions, a picture of the tree was placed 
onto a grid and adjusted so that the length of a square corresponded to a reference length (50cm). Thus 
the area of the tree could be found from the scaled picture and grid (Figure 39). Since the distance 
between two squares was adjusted to the reference object (50cm), the number of squares intersecting 
the crown was equal to the area in square centimeters, which was later converted to square meters. If a 
square on the grid was less than 50% covered, than that square was not counted, due to gaps in the 
canopy.  
 
Figure 39 One of the sample trees with a grid, which equalled 50 sq cm. per square, since the reference object was 50cm and 
fit into one square. 
Eucalyptus trees have canopies, or crowns, with many ‘holes’ and gaps in the foliage. This made it 
difficult to calculate the area. The number of squares was counted manually to ensure an accurate 
representation of the crown area on this Eucalyptus species (E. camaldulensis). The tree circumference 
was measured manually using a forestry-issued tape measure.  
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Tree Circumference (m) Height (m) DBH (m) Area (m2) 
1 2.35 9 0.7484 33.75 
2 0.675 7 0.2150 12 
3 0.7 6 0.2229 31.5 
4 0.69 5.75 0.2197 15 
5 2.79 11.5 0.8885 51 
6 3.41 12 1.0860 102.4 
7 1.6 8.25 0.5096 58.5 
8 0.73 7.25 0.2325 16.5 
9 1 8.75 0.3185 14.5 
10 1.76 8 0.5605 41 
Table 3 Ten trees and their measured parameters within a sample area. 
Further investigation into the parameters of this species shows a positive correlation between height 
and circumference and between DBH and height (Figure 40). The R2 values were 85%, showing a strong 
relationship between the parameters.  
 
Figure 40 The correlation between height and DBH in E. camaldulensis with ten trees. 
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The relationship between crown area and circumference and between DBH and crown area in E. 
camaldulensis, shows a positive correlation (Figure 41), with the R2 values being 72.6%. This indicates a 
good relationship between the two parameters and shows that DBH is closely related to crown area in 
this species. 
 
Figure 41 The correlation between crown area and DBH in E. camaldulensis with ten trees. 
It should be noted that the R2 values of the parameters comparing height with circumference or DBH 
and the parameters comparing crown area with circumference or DBH are the same, which is true since 
the circumference is multiplied by π to calculate the DBH. However, this also shows that measuring the 
circumference of a tree, which is quicker in the field, is valuable and able to predict either the crown 
area or height. 
3.1.3 Mapping Eucalypt Crown Shape 
Eucalyptus trees are difficult to evaluate and measure due to their complex shapes, which include 
complex crowns. Most crowns of Eucalypts are sparse and unevenly foliaged. This creates gaps in the 
crown that allows wind to easily pass through. Thus a mapping technique is needed to simplify things. 
Mapping, or outlining and highlighting the specific shape of the tree, should aid future studies when 
determining the height, shape, area and other features of each individual tree. This is especially 
important with Eucalyptus trees. An example of how helpful an outline of a tree can be is illustrated in 
Figure 42.  
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A  B  
Figure 42 (A) An individual tree of E. camaldulensis that was measured in the sampling group. (B) A silhouette, or outline, of 
the same tree. This tree was 11.5 meters in height and labeled as tree ‘5’ in Table 3. 
To illustrate this process, consider Figures 42A and B. Figure 42A is distracting and difficult to focus on 
the tree itself, especially if this tree were amongst others in a forest. The outline (Figure 42B), however, 
is of only the tree and can be easily identified by shape, foliage, height and crown area. Figure 42B was 
painstakingly created manually by hand. This was used when calculating the crown area (Section 3.1.2). 
Most common trees have fully leaved crowns, such as Pine and Spruce, but Eucalypts differ between 
individual species and even individual trees. For example, tree ‘5’ (Table 3) is almost the same height as 
tree ‘6’, but has half the area. This means tree ‘5’ has less foliage compared to a tree of the same species 
and same height.  
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Chapter 4: Results and Discussion of Static 
Bending and Fractometer Tests 
 
4.1 Fractometer Tests 
In this chapter, results for MOR derived from Fractometer testing, are detailed. 
4.1.1 Measurements and Calculations of Eucalypts 
The measurements from all core samples that were ruptured were recorded in Tables 4 and 5 for both 
species. These measurements were directly from the Fractometer II and used in the standard equation 
for MOR (Mack 1979):  
[10] MOR = P*L / A*δ 
where P is the pressure (or force) applied, L is the length of the sample from the break, A is the area of 
the sample and δ is the deflection (measured by the angle of the deflection*L or sin(θ)*L). 
 Pressure (MPa) Area (mm2) Deflection (degrees) D (sin(L)) Length from breaking point (mm) MOR (MPa) 
Eucalyptus 
camaldulensis 
27 19.6 12 2.7 13 130.0 
 17 19.6 10 2.26 13 97.80 
 21 19.6 15 3.36 13 81.30 
 25 19.6 10 2.26 13 143.8 
 19 19.6 7.0 1.58 13 156.3 
 19 19.6 11 2.48 13 99.60 
 19 19.6 16 3.58 13 69.00 
 26 19.6 15 3.36 13 100.6 
 19 19.6 9.0 2.03 13 121.7 
 23 19.6 13 2.92 13 102.4 
 20 19.6 9.0 2.03 13 128.1 
 20 19.6 9.0 2.03 13 128.1 
 21 19.6 12 2.7 13 101.1 
 10 19.6 9.0 2.03 13 64.00 
 24 19.6 11 2.48 13 125.8 
 29 19.6 13 2.92 13 129.1 
 12 19.6 7.0 1.58 13 98.70 
 21 19.6 8.0 1.81 13 150.8 
 31 19.6 12 2.7 13 149.3 
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 19 19.6 13 2.92 13 84.60 
 18 19.6 9.0 2.03 13 115.3 
 21 19.6 10 2.26 13 120.8 
 24 19.6 10 2.26 13 138.1 
Table 4 All data collected from the tree specimens of Eucalyptus camaldulensis. 
 Pressure (MPa) Area (mm2) Deflection (degrees) D (sin(L)) Length from breaking point (mm) MOR (MPa) 
Eucalyptus 
rubida 
22 19.6 12 2.70 13 105.9 
 20 19.6 10 2.26 13 115.0 
 20 19.6 7.0 1.58 13 164.6 
 22 19.6 8.0 1.81 13 158.0 
 19 19.6 8.0 1.81 13 136.5 
 17 19.6 6.0 1.36 13 162.5 
 22 19.6 8.5 1.92 13 149.0 
 20.5 19.6 9.5 2.15 13 124.0 
 19 19.6 7.0 1.58 13 156.3 
 24 19.6 9.0 2.03 13 153.7 
 24 19.6 9.0 2.03 13 153.7 
 22 19.6 9.0 2.03 13 140.9 
 24 19.6 8.0 1.81 13 172.4 
 24 19.6 9.0 2.03 13 153.7 
 20 19.6 10 2.26 13 115.0 
 17 19.6 8.5 1.92 13 115.1 
 24 19.6 9.0 2.03 13 153.7 
 25 19.6 8.0 1.81 13 179.6 
 22 19.6 7.0 1.58 13 181.0 
 18 19.6 7.5 1.70 13 137.6 
 27 19.6 8.0 1.81 13 193.9 
 20 19.6 6.0 1.36 13 191.2 
 27 19.6 7.0 1.58 13 222.2 
 23 19.6 7.0 1.58 13 189.2 
 30 19.6 8.0 1.81 13 215.5 
 33 19.6 11 2.48 13 173.0 
 15 19.6 10 2.26 13 86.3 
 17 19.6 14 3.14 13 70.4 
 15 19.6 10 2.26 13 86.3 
 19 19.6 13 2.92 13 84.6 
 17 19.6 12 2.70 13 81.6 
 17 19.6 14 3.14 13 70.4 
 22 19.6 15 3.36 13 85.1 
 24 19.6 17 3.80 13 82.1 
Table 5 All data collected from the tree specimens of Eucalyptus rubida. 
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4.1.2 Statistics of MOR values for Two Eucalyptus Species 
Multiple samples were taken but only 23 and 34 samples were found to satisfy the criteria of above. A t-
Test (to compare the means of two populations) was calculated to determine if the values between each 
species varied significantly (Table 6). Between the each set of data for both species, the MOR p-value 
(significance lever) equalled 0.013, which was less than 0.05, meaning that the values were significantly 
different. The t-value for this data set equalled -2.553 in a 95% confidence interval. This meant that the 
null hypothesis of the two data sets being the same was rejected.  
 
Table 6 t-Test between the MOR values of E. camaldulensis and E. rubida. 
Because the p-value equalled 0.013, it has a strong presumption against the null hypothesis. It is close to 
being a very strong presumption, because it is close to a p-value of 0.01, which is within a 99% 
confidence interval. This shows that the MOR values between the two species are significantly different 
and that Eucalyptus trees should be studied at a species level, instead of genus. 
The study by Ozarska (2009) included 19 samples of young plantation timber, whereas this research had 
23 samples for Eucalyptus camaldulensis. It is common practice in biological studies to have more than 
30 samples if one is to obtain a number of safety with significance (a guideline rather than an actual 
regulation), but these two studies show that for 19 and 23 samples, there is still a significance and they 
also have similar findings in their values. 
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4.1.3 MOR Values of Eucalyptus camaldulensis 
The results obtained showed that Eucalyptus camaldulensis dead wood consistently yielded higher 
averages of MOR than old wood or young plantation timber (Figure 55). This was an expected finding, as 
dead wood was assumed to yield higher results than green wood or wood with 12% moisture content. 
Thus, dead wood was above average over old growth or young plantation timber, but “are still high in 
comparison with the timbers commonly used for furniture” (Ozarska 2009), which shows that Eucalypts 
yield a higher MOR than other timbers. However, there were no conclusive results on whether the MOR 
of dead wood was significantly above young plantation wood or old growth timber due to the absence 
of standard deviation calculations (Figure 43) from the paper by Ozarska (2009). 
 
Figure 43 The MOR values of different types of wood of E. camaldulensis (Ozarska 2009). 
5.1.2.1 Fractometer Raw Data 
In order to compare the Eucalyptus data from this study with other tree data of the Fractometer II, the 
raw data was needed to find how Eucalypts compare with other trees using this instrument (Figure 44). 
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Figure 44 The raw data values, measuring the force, of several types of trees, using the Fractometer II (Götz et al. 2002).  
These values come directly from the Fractometer II before calculating the MOR. The arrow shows where the average of E. 
camaldulensis and E. rubida are located. 
In Figure 44, only raw data is shown from different trees (i.e. not calculated to give MOR values). It has 
to be highlighted that in the Götz et al. (2002) paper, the values are not absolute MOR values (Figure 
44), which was used to emphasize the strength of the trunk from the radial stress.  
The bending strength of other types of trees has been previously measured using the Fractometer II 
(Figure 44) (IML 2013; Götz et al. 2002). Plane trees are close relatives of Sycamore trees, because they 
are both in the same genus of Platanus, and they have the highest values of all trees (Figure 44). The 
raw data from this research averaged 21 MPa in both species of Eucalypts, which puts it between False 
Acacia and Sycamore (Figure 44). This makes these two Eucalypts (E. camaldulensis and E. rubida) similar 
to other hardwoods. It also determines that both Eucalypt species are similar in their bending strength, 
which concludes that MOR values are important when comparing species and genus of trees, whereas 
raw data (such as Figure 44) cannot achieve significant comparisons. This was expected, because 
Eucalypts are closely related to Platanus trees, but they are more flexible and resistant to breakage. 
With the standard deviations of E. camaldulensis and E. rubida, both species seem close together in 
their values, but that did not affect the t-Test.  
4.1.4 Comparison between MOR Values 
Eucalyptus camaldulensis and Eucalyptus rubida had higher MOR values than other trees commonly 
studied (Figure 45). Eucalyptus camaldulensis averaged 114 MPa (23 samples), while Eucalyptus rubida 
averaged 140 MPa (34 samples), as presented in Figure 45. The t-Test showed that there was a 
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significant difference between the MOR values of these two Eucalyptus species. This exhibits that 
species between Eucalypts vary and, as predicted, eucalyptus trees have higher MOR values than other 
trees (Figure 45). 
 
Figure 45 The MOR of common trees compared with Eucalyptus camaldulensis and Eucalyptus rubida (Cai and Ross 2007, 
Green et al. 1999). The Oak, Maple, and Sycamore species are hardwoods like Eucalypts. The Pines and Firs are softwoods. 
There were no conclusive results on whether these Eucalypts were significantly above other trees due to 
the absence of standard deviation calculations from papers by Green et al. (1999) and Cai and Ross 
(2007) (see Figure 45). However it can be assumed that Eucalypts have higher MOR values than other 
trees based on the difference between values in Figure 45. When comparing the hardwoods, they are all 
similar in values, with the exception of the Eucalypts which were studied. The Eucalypts were studied 
with dead wood and are much higher in their MOR than the other hardwoods. However, the Australian 
Standard for timber testing states that 4% moisture is assumed if insufficient data is acquired to convert 
dry wood (0% moisture) to the standard of timber (12% moisture). Thus the MOR values for these 
Eucalypts are quite higher than all other values, even when considering the difference between dry and 
moist wood. 
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4.1.5 Introduction to Static Bending Tests 
The old growth wood, young plantation timber (Ozarska 2009) and dead wood (from this research) were 
not found to be significantly different for E. camaldulensis as seen earlier in Figure 46. Thus it can be 
assumed that the dead wood from this study does not significantly differ from other types of wood. This 
is important, because it could prove that the type of wood used in studies may not matter significantly, 
at least for Eucalypts, which would make research easier, but more research would need to be 
conducted in order to prove this hypothesis.  
The grain direction and type of testing was important when using the Fractometer and understanding 
static bending tests (Figure 46). Both tests in this study gave the radial bending strength, so that the 
force was applied in a similar manner so as to keep the grain direction the same. This shows that when 
testing radial bending strength, both methods are comparable. 
 
Figure 46 A diagram showing grain direction and force applied to each type of sample: core or timber.  
It also indicates that static bending tests and Fractometer II tests were similar in regards to E. 
camaldulensis. This shows that Eucalyptus species are more flexible and hardy, but also that the 
methods for testing Eucalypts, and other species, may not significantly differ, since both methods 
revealed comparable results.   
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4.2 Static Bending Tests of E. camaldulensis 
Static bending tests are the most common and standard way for testing structural strength and 
mechanical properties of wood.  
Eleven E. camaldulensis samples for the static bending tests were each tested, according to the 
Australian Standard, on a centre-point bending machine at 1mm/min. Each sample, with an assumed 
moisture content of less than 10%, was tested until ruptured. The rupture point was determined when 
the force on the machine dramatically dropped due to the release of pressure. Sometimes this 
happened in one break (Figure 47) or multiple fractional breaks (Figure 48). 
 
Figure 47 A sample of E. camaldulensis that was ruptured in one extreme break. 
 
Figure 48 A sample of E. camaldulensis that was ruptured in several fractional breaks. 
If fractional breaks occurred within a sample, then the break that changed the pressure dramatically was 
recorded as the ‘breaking point’. In certain instances, the sample ruptured significantly several times 
(Figure 49).  
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Figure 49 A sample of E. camaldulensis that was ruptured in several significant breaks, revealing this wood’s flexibility. 
During these tests, the primary rupture was recorded as the breaking point. All eleven samples ruptured 
and their breaking points were recorded in Table 7. 
Sample 
Load (at break) 
(kN) 
1 0.6999 
2 0.1500 
3 1.100 
4 0.9600 
5 0.0006 
6 0.8772 
7 0.481 
8 0.3107 
9 0.9243 
10 0.1932 
11 1.117 
Table 7 The number of samples tested using static bending tests and the load at which each sample ruptured. 
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The point of rupture can easily be seen when all samples were plotted into a graph (Figure 50). Most of 
the eleven samples followed the same upward curve until their point of breakage (Figure 50). The point 
of rupture varied with each sample, creating a dispersed group among the samples (Figure 50). The 
reason for such variance is due to different ways each sample broke.  
 
Figure 50 Eleven samples of E. camaldulensis showing their loads, deflections, and rupture point.  
As mentioned in Chapter 2.3, each sample broke in one of three ways: single break, multiple breaks, or 
fractional breaks. If a sample ruptured with a single break, then that usually resulted in higher 
percentage of loss (Table 8) and varied much more among the other samples (i.e. samples 2, 5, 8, 10; 
Figure 50). If a sample ruptured with multiple breaks or fractional breaks, then the result was more 
similar among the samples (i.e. samples 1, 3, 4, 6, 7, 9, 11; Figure 50). This grouping of samples showed 
the expected result of rupture for wood. The other grouping of samples was more dramatic and could 
have resulted from variations in the wood. These results show the differences even among on species of 
Eucalypt, but it also shows the flexibility of this species, with most samples rupturing with multiple 
breaks. 
In order to determine how the force ruptured the wood, the load (before the break) and the load (after 
the break) were compared (Table 8). Most of the samples reached a load of at least 1.5kN before 
rupture. Once ruptured, the majority of samples’ loads fell to half or more than before rupture (Table 8). 
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Sample 
Load (before break) 
(kN) 
Deflection (mm) 
Load (at break) 
(kN) 
Deflection 
(mm) 
1 2.160 11.00 0.6999 11.04 
2 1.524 8.000 0.1500 8.906 
3 1.545 9.499 1.100 9.889 
4 2.046 9.499 0.9600 9.499 
5 1.770 10.01 0.0006 10.20 
6 1.838 9.233 0.8772 9.233 
7 1.929 9.999 0.4810 10.09 
8 1.700 9.003 0.3107 9.441 
9 1.890 10.76 0.9243 10.98 
10 1.373 8.999 0.1932 9.796 
11 1.655 8.999 1.117 9.500 
Table 8 Eleven sample of E. camaldulensis with their loads and deflections before and after rupture. 
Upon closer inspection, the samples’ entire load (with the exception of two) fell more than 50% (Table 
9), with some having a loss of 90% (Table 9). Sample 5 had a loss of 99.97%, which is a dramatic 
decrease. This means that the type of break was thorough and completely ruptured the sample in one 
clean break. This shows how flexible and different each sample can be within one species of Eucalypt. 
This is also the reason why testing requires many samples. 
Sample Load (before break) (kN) Load (at break) (kN) 
Percentage Loss (of 
load) 
1 2.160 0.6999 -67.60% 
2 1.524 0.1500 -90.16% 
3 1.545 1.100 -28.80% 
4 2.046 0.9600 -53.08% 
5 1.770 0.0006 -99.97% 
6 1.838 0.8772 -52.27% 
7 1.929 0.4810 -75.06% 
8 1.700 0.3107 -81.72% 
9 1.890 0.9243 -51.10% 
10 1.373 0.1932 -85.93% 
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11 1.655 1.117 -32.51% 
Table 9 The eleven samples of E. camaldulensis with their loads before and after rupture and the percentage of loss for each 
sample’s load. 
All eleven samples were recorded and graphed as per the Standard to reveal the patterns of E. 
camaldulensis in Figure 50. Regardless of the type of rupture that occurred, all samples were 
successfully deflected to breaking point. However, it should be noted that E. camaldulensis was 
observed as being highly flexible with high recorded deflections. 
Once the loads were analysed with their rupture points, then the MORs for each sample, based on their 
rupture points, were calculated using the same formula as in the Fractometer calculations. In order to 
calculate the MOR for each sample the following equation was used: 
[11a] Load (before break) x length = MOR or 
[11b] (2.160kN) x (60mm) = 129.6 MPa 
The MOR values for static bending tests ranged from 82.38 MPa to 129.6 MPa with a standard deviation 
of 14.05 MPa (Table 10). Upon closer inspection of these values, some samples with similar MOR values 
ruptured in different ways (i.e. samples 5 and 10). However many of the samples (i.e. samples 7-9) 
ruptured in similar ways and had similar MOR values (Figure 50; Table 10). The most important factor for 
the MOR, however, is the load before each sample broke. The higher the load was before rupture, the 
higher the MOR became. For example, Sample 10 had the lowest MOR because it had the lowest load 
before rupture. Therefore, the most important factor to determine the MOR value is the load before 
rupture, regardless of the type of break the sample exhibited.  
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Sample Load (before break) 
(kN) 
MOR 
(MPa) 
1 2.160 129.6 
2 1.524 91.44 
3 1.545 92.70 
4 2.046 122.8 
5 1.770 106.2 
6 1.838 110.3 
7 1.929 115.7 
8 1.700 112.7 
9 1.890 113.4 
10 1.373 82.38 
11 1.655 110.0 
   
 AVERAGE 
ST. DEV. 
107.9 
14.05 
Table 10 The calculated MOR values with standard deviation for eleven samples of E. camaldulensis. 
4.2.1 Modulus of Elasticity  
The MOE can range between 3.6 GPa and 22.4 GPa in different trees (Green et al. 1999), which is a wide 
range when trying to compare species. Cai and Ross (2007) found that the MOE ranged between 10-13 
GPa from the trees they tested. Ozarska (2009) found similar results within different Eucalyptus species. 
Gardiner (1989) found Sitka Spruce trees ranged from 3.83 GPa to 8.43 GPa within one species. With this 
in mind, a wide range of MOE values would be expected within the current study. 
[12] MOE = (slope of load and deflection)*(Length) 
Therefore: 
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Sample Load (before break) 
(kN) 
Deflection 
(mm) 
MOE 
(GPa) 
1 2.160 11.00 11.78 
2 1.524 8.000 11.43 
3 1.545 9.499 9.759 
4 2.046 9.499 12.92 
5 1.770 10.01 10.61 
6 1.838 9.233 11.94 
7 1.929 9.999 11.58 
8 1.700 9.003 11.33 
9 1.890 10.76 10.54 
10 1.373 8.999 9.154 
11 1.655 8.999 11.03 
 AVERAGE 
ST. DEV. 
 11.10 
1.050 
Table 11 The calculated MOE values with standard deviation for eleven samples of E. camaldulensis. 
The current study concluded the MOE to be 11.1 GPa (Table 11), which was similar to the findings from 
Ozarska (2009) of 11.2 GPa for E. camaldulensis. When compared with other species of Eucalypts, the 
value 11.1 GPa fits within the grouping (Figure 51).  
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Figure 51 Comparison of MOE values between Eucalyptus species (Ozarska 2009). 
There is always expected to be some variability, but such a widespread range of values for MOE was 
surprising. This can be explained, however, by emphasizing that each tree, even within a species, will 
differ due to defects, growth, and wood quality. As seen in Figure 50, even the loads and deflections 
have a wide range within samples that were considered ‘perfect’ from one species. Previous studies 
have also found that drag, MOR, and MOE all vary greatly not only between species but also between 
samples within a species (Cai and Ross 2007; Gardiner 1989; Koisumi et al. 2010; Ozarska 2009). This 
strengthens the argument that there will always be an expected widespread of values when studying 
trees, even within one species. 
4.3 Comparison of Fractometer and Static Bending Tests 
Static bending and Fractometer tests vary in many ways as stated previously, but both yield results for 
wood properties and mechanical testing. When all the tests were compared (from this research and 
previous research), the difference in MOR values for E. camaldulensis did not significantly vary (Figure 
64).  
The Fractometer tests yielded the highest MOR values but also had the largest standard deviation, 
resulting in a more similar result to the static bending tests (Figure 52).  All of the static bending tests 
ranged from 107.9 MPa (this research with dead wood) to 92.10 MPa (Ozarska 2009). This research 
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tested dead wood. Awan et al. (2012) tested ‘farm-grown’ samples and Ozarska (2009) tested young 
plantation and old growth timber (as stated in Chapter 5.1.2). It was previously concluded that the age 
and type of timber did not significantly change the MOR values (Chapter 5.1.2). Combining those results 
with the comparison of static bending tests and Fractometer tests from different studies, it can be 
determined that there is no significant difference between the previous studies and current results.  
 
Figure 52 A comparison of all MOR values of E. camaldulensis through various studies with static bending and Fractometer 
tests (Awan et al. 2012; Ozarska 2009). 
When all of the static bending tests from this research and previous studies were combined together, 
the average was 100.9 MPa (Figure 52). The standard deviation is unchanged due to the lack of 
information from the other studies. When the averaged MOR values for static bending tests were 
compared to the Fractometer tests, the difference was only 13.3 MPa (Figure 52). This was not different, 
drawing the conclusion that Fractometer and static bending tests are similar in their results for MOR 
with these Eucalyptus species.  
The static bending tests confirm the hypothesis and previous studies that Fractometer testing and static 
bending tests yield similar results for MOR values. This will give researchers more options when studying 
trees and wood properties, because Fractometer testing is versatile and mobile and static bending tests 
are reliable and the typical way for testing timber.  
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Chapter 5: Results and Discussion of Moment, 
CWS and Drag  
 
5.1 Moments, Drag Coefficient and Critical Wind Speed 
Drag coefficient (CD) of trees is important when studying critical wind speeds and the aerodynamic 
moment at which trees fail. Many objects’ drag coefficients have been studied and added to an overall 
database for engineers, but “there is very little data other than for coniferous species” (Quine et al. 
2005) when looking at trees. Some research has been done on drag coefficient of trees and even leaves 
(James 2010; Koizumi et al. 2010; Quine et al. 2005; Vogel 1989), as stated in Section 1.6. 
In order to estimate the drag coefficient for E. camaldulensis, the simultaneous deflections and 
windspeeds measured on five trees was used in conjunction with the analysis below. The moment acting 
on a tree trunk can be found by rearranging the fundamental equation of bending presented in Chapter 
1: 
[13] M = EI/R 
Young’s modulus (E) was calculated from the testings on the species, E. camaldulensis, for MOE (see 
later). The second moment of area (I) was calculated based on the DBH of each tree measured from the 
random sampling in Section 3.1.2. The standard equation for I in this study was: 
[14] I = πr4/4 
and a simplifying assumption was that the deflected shape was  circular and r was the radius of the tree 
at 1.3 metres above ground. The radius of curvature (R) was then calculated by using the accelerometers 
mentioned in Section 2.3 using the approximation: 
[15] R ~ h2/2x 
where h was the height at which the accelerometers were placed on the tree (1.3m) and x was the 
average lateral displacement of the tree stem deduced by integrating the accelerometer data.  
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Five sets of data from the accelerometers were used to calculate the displacement for each tree. Thirty-
nine seconds was decided as a sample interval due to high activity and changing wind speeds (heavy 
wind storms) during those times. Within the thirty-nine seconds, the average of five samples was 
calculated giving an averaged sample time of one second (since the accelerometers recorded every 0.02 
seconds), resulting in five sets of thirty-nine-second data. These were then used to calculate the radius 
of curvature. 
The drag force was calculated once M was found and H (height at centroid of object) was manually 
found by using the same grid technique that was used to determine the crown area in Section 3.1.1.1. 
First the height of the whole tree was found and then the centre of the crown was found by finding the 
radii in both the vertical and horizontal directions. H was the difference between the two. Then M was 
divided by H to acquire the drag force (Fd): 
[16] H = (Height of Entire Tree) - (Crown radius) 
[17] Fd = M/H 
In order to calculate the drag coefficient, the reference area was the crown areas of the trees found in 
Section 3.1.1.1 and air density was calculated based on the temperature and pressure of the day. The 
wind speeds used for the calculations were the recorded wind speeds corresponding to the one second 
accelerometer averages. The drag coefficient was then calculated as seen in Table 4 using Equation 1 
from Section 1.1.2: 
[1]    
The results for the calculated drag coefficient are shown in Table 12 for one tree, where all of the values 
were either measured or calculated from this research, including Young’s Modulus, E. 
Time 
(s) 
Vx Sy R E (MN/m2) I (m4) E*I M 
H 
(m) 
Fx (N) CD 
1 4 0.0009 1790 11.1 0.000121 1550000 865 4.5 192 0.636 
2 4.5 0.0010 1770 11.1 0.000121 1550000 876 4.5 195 0.508 
3 5 0.0010 1770 11.1 0.000121 1550000 874 4.5 194 0.411 
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4 5.3 0.0010 1760 11.1 0.000121 1550000 881 4.5 196 0.369 
5 6.5 0.0009 1810 11.1 0.000121 1550000 858 4.5 191 0.239 
6 6.5 0.0010 1640 11.1 0.000121 1550000 944 4.5 210 0.263 
7 3.9 0.0012 1420 11.1 0.000121 1550000 1090 4.5 242 0.843 
8 3.9 0.0010 1690 11.1 0.000121 1550000 915 4.5 203 0.707 
9 3.5 0.0011 1580 11.1 0.000121 1550000 982 4.5 218 0.942 
10 3.5 0.0010 1730 11.1 0.000121 1550000 896 4.5 199 0.860 
11 3.5 0.0010 1720 11.1 0.000121 1550000 902 4.5 200 0.865 
12 5.3 0.0012 1440 11.1 0.000121 1550000 1070 4.5 239 0.449 
13 5.3 0.0010 1660 11.1 0.000121 1550000 936 4.5 208 0.392 
14 4.8 0.0011 1510 11.1 0.000121 1550000 1030 4.5 229 0.526 
15 4.8 0.0011 1550 11.1 0.000121 1550000 998 4.5 222 0.509 
16 4.8 0.0011 1570 11.1 0.000121 1550000 985 4.5 219 0.503 
17 4.8 0.0010 1690 11.1 0.000121 1550000 919 4.5 204 0.469 
18 3.4 0.0010 1720 11.1 0.000121 1550000 903 4.5 201 0.918 
19 3.4 0.0011 1590 11.1 0.000121 1550000 971 4.5 216 0.988 
20 4 0.0010 1680 11.1 0.000121 1550000 922 4.5 205 0.677 
21 4 0.0010 1670 11.1 0.000121 1550000 931 4.5 207 0.684 
22 4 0.0010 1670 11.1 0.000121 1550000 929 4.5 206 0.682 
23 4 0.0010 1720 11.1 0.000121 1550000 900 4.5 200 0.662 
24 4 0.0010 1730 11.1 0.000121 1550000 896 4.5 199 0.658 
25 4.5 0.0010 1720 11.1 0.000121 1550000 902 4.5 200 0.523 
26 4.5 0.0011 1580 11.1 0.000121 1550000 983 4.5 218 0.570 
27 4.5 0.0010 1660 11.1 0.000121 1550000 931 4.5 207 0.541 
28 4.8 0.0011 1590 11.1 0.000121 1550000 974 4.5 216 0.497 
29 4.8 0.0012 1410 11.1 0.000121 1550000 1100 4.5 245 0.561 
30 4.8 0.0011 1490 11.1 0.000121 1550000 1030 4.5 230 0.529 
31 4.8 0.0012 1400 11.1 0.000121 1550000 1110 4.5 246 0.564 
32 4.5 0.0011 1590 11.1 0.000121 1550000 975 4.5 217 0.566 
33 3.5 0.0010 1680 11.1 0.000121 1550000 923 4.5 205 0.885 
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34 3.5 0.0010 1650 11.1 0.000121 1550000 940 4.5 209 0.902 
35 3.3 0.0010 1680 11.1 0.000121 1550000 925 4.5 205 0.998 
36 3.3 0.0011 1570 11.1 0.000121 1550000 987 4.5 219 1.06 
37 3.3 0.0011 1580 11.1 0.000121 1550000 980 4.5 218 1.06 
38 3.3 0.0010 1680 11.1 0.000121 1550000 923 4.5 205 0.997 
39 3.3 0.0011 1520 11.1 0.000121 1550000 1020 4.5 227 1.10 
Table 12 An example of how the drag coefficient for E. camaldulensis was calculated (Tree 3). 
All of the drag coefficients were plotted over time (Figure 53). As can be seen, the drag coefficients 
changed often over the thirty-nine seconds (Figure 53).  
 
Figure 53 The drag coefficients of five samples of E. camaldulensis over thirty-nine seconds. 
The drag coefficients for each tree were then averaged to compare against each other (Table 13). The 
drag coefficients ranged from 0.670 - 0.915 (Table 13). This is higher than other studies on different 
trees, but probable due to the shape of the crowns and leaves (Vollsinger 2005; see later).  
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Tree DBH radius (m) E (N/m2) I (trunk) E*I CD 
1 0.215 0.107 11.1 0.000105 1340000 0.713 
2 0.318 0.159 11.1 0.000505 6460000 0.915 
3 0.219 0.110 11.1 0.000114 1460000 0.875 
4 0.223 0.111 11.1 0.000121 1550000 0.670 
5 0.232 0.116 11.1 0.000143 1830000 0.757 
Table 13 The CD of E. camaldulensis. 
As stated before, the tree deflection was used to find CD, which was then used to find the moment that 
would have been applied to the trunk to bring about failure, Mbreak. At breaking conditions: 
Mbreak = σyI/r or Mbreak = Fbreakh 
From there, Ubreak was calculated to give an estimate of the ultimate critical wind speed at which the 
tree would break. Cd was assumed to be constant as Uwindbreak increased, in order to calculate Uwindbreak. 
By determining the ultimate wind speed for stem breakage, an estimate can be predicted on what this 
species of Eucalypts can withstand. 
The results for the drag coefficient and calculated critical wind speed are shown in Table 14, where the 
sigma, or tensile stress, was taken from Awan et al. (2012). The rest of the values were either measured 
or calculated. 
Tree δ 
(MN/m2) 
radius 
(m) 
E 
(N/m2) 
R min (m) I (m4) Mbreak Fbreak A ρ  CD Uwindbreak (m/s) 
1 207 0.107 11.1 5.76E-09 0.000105 202000 47477 78.5 1.2002 0.713 37.6 
2 207 0.159 11.1 8.54E-09 0.000505 656000 97198 14.5 1.2002 0.915 111 
3 207 0.110 11.1 5.89E-09 0.000114 215000 57475 15.0 1.2002 0.875 85.4 
4 207 0.111 11.1 5.98E-09 0.000121 225000 50008 31.5 1.2002 0.670 62.9 
5 207 0.116 11.1 6.23E-09 0.000143 255000 30027 16.5 1.2002 0.757 63.3 
Table 14 Calculated critical wind speed and drag coefficient for five samples of E. camaldulensis. 
The drag coefficients for E. camaldulensis were higher (Table 14) than expected, revealing that this 
species is similar to other trees, such as poplars.  
The drag coefficients were calculated based on the deflections measured from the accelerometers 
under moderate (rather than critical) wind speeds, which means that these calculated CD values will 
probably be larger than CD values at the predicted Uwindbreak. Thus, the predicted Uwindbreak values will be 
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slightly lower than reality (i.e. conservative) since trees are flexible and their shape changes and frontal 
area reduces with increasing wind speed (i.e. The Griggs-Putnam Index of Deformity). 
The wind speeds (Table 14) ranged from 37.6 - 111 m/s for breakage when calculated using the CD 
values in the same table. These values seem reasonable from historical data since heavy windstorms 
have occurred in Victoria, Australia throughout the last two years with winds over 25 m/s (90km/h) (and 
the vast majority of trees are still standing).  
It should be noted, though, that Koizumi et al. (2010) found a very wide range of drag coefficients of 
leaved crowns in poplar trees at 10m/s. These values ranged from 0.250-0.900 for individuals. Part of 
the reason for the variation is thought due to the experimental difficulties of measurement but also a 
large variation is thought due to the variation in shapes of living things such as trees. Therefore, the 
results for E. camaldulensis fit into the expected range of drag coefficients for trees. The average of 
defoliated poplar trees at the same wind speed was 0.133 (Koisumi et al. 2010). CD in poplar trees was 
found to decrease with increasing wind velocity, was smaller than those of conifers in wind tunnel tests 
and defoliated poplar trees had significantly smaller CD values than foliated trees (Koisumi et al. 2010). 
This shows that poplar trees have a relatively low CD compared to other trees that have been tested. It 
also shows that the Eucalypts tested in this study were foliated, since all of the drag values were within 
range of each other. 
An assumption in the research presented in this thesis was that CD values for E. camaldulensis would be 
low due to their sparse and uneven foliage and thin, flexible branches. As seen in Figure 42B, many gaps 
in the crown of the tree create ways for the wind to flow-freely through the canopy, rather than exert 
more force on it, with or without leaves. This would imply that Eucalypts have a lower drag coefficient 
than other trees, which can be attributed to the shape and design of the crown (Figure 42B). By showing 
basic shapes of Eucalypts and their crowns, it is easier to understand why their drag coefficients were 
assumed to be lower than other trees.  
These calculations of drag coefficients and critical wind speeds were based on simplified calculations 
using limited experimental data gathered from live trees, whereas several other studies (on other tree 
species) have employed wind tunnel testing with models. Ideally, it would be best to test a statistically 
significant number of whole trees within a wind tunnel including the roots, soil, branches, foliage, etc., 
but this not practical, in part due to the required size of a suitable facility.  
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The lack of data is troubling, since tree failure and wind damage is becoming a popular topic due to 
heavy and damaging wind storms. Finding CD and other common factors for calculating critical wind 
speed is vital in this field of study if any advancement for tree failure is to be made. 
 
5.2 Tensile Strength vs MOR 
Correlation between MOR values and tree failure is dependent on tensile strength. Therefore, finding a 
relationship between tensile strength and MOR is vital in order to link these different mechanical 
properties. Only a few studies have measured tensile strength on trees (Awan et al. 2012; Green et al. 
1999; Kretschmann) and fewer compare tensile strength with other mechanical properties. Tensile 
strength is important, because it measures the failure of the tree. MOR, as stated before, measures the 
radial strength. Comparing these mechanical properties can give insight into how they are all related 
and how they connect to overall tree failure.  
The data from these studies have been combined into one table (Table 15) so as to give an overall 
picture of the difference in MOR and tensile strength of different tree species (Awan et al. 2012; Green 
et al. 1999; Kretschmann). 
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Table 15 Tensile strength and MOR values for different species of trees from research done by Awan et al. (2012), Green et 
al. (1999)
4
 and Kretschmann. 
The regression plot for all the species of trees listed in Table 8 shows a poor relationship between 
tensile strength and MOR, with R2 being 15% (Figure 54). Upon closer inspection, however, there are 
outliers that are identified with a circle around them. These outliers, which skew the data, are all from 
one set of data from Awan et al. (2012). Without these four data points, the R2 value increases to 45.7% 
(Figure 54), which means there is about a fifty percent chance of there being a relationship between 
tensile strength and MOR. 
                                                          
4
 Green et al. 1999 does not refer to the author of this thesis, but is a different person. 
Tree Species (common name) Static bending (MOR) Tensile Strength (kg/cm2)
Hardwoods Gum, river red (E. camal.) 1046 610
Rosewood, indian 1152 682
Gum, arabic tree 1357 756
American Beech 1050 879
Maple, sugar 1111 1103
Oak, overcup 887 794
Oak, pin 989 1146
Poplar, balsam 479 520
Sweetgum 877 956
Willow, black 551 745
Yellow-poplar 714 1118
Softwoods Cedar, port-orford 897 801
Cedar, western redcedar 551 464
Cedar, Himalayan 821 503
Douglas-Fir 918 1097
Fir, California red 738 794
Fir, pacific silver 704 970
Hemlock, western 826 914
Larch, western 1091 1139
Pine, eastern white 673 745
Pine, loblolly 897 816
Pine, ponderosa 744 590
Pine, Virginia 918 964
Redwood, young growth 551 639
Engelmann Spruce 714 865
Sitka Spruce 714 605
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Figure 54 Correlation between tensile strength and MOR adapted from the research by Awan et al. (2012), Green et al. 
(1999) and Kretschmann. 
When the data from Awan et al. (2012) is investigated in isolation, R2 is 98.9%, giving this data a very 
strong relationship and correlation between tensile strength and MOR (Figure 54). However there are 
only four data points in that study. Most of the test samples from both studies (Awan et al. 2012; Green 
et al. 1999) were standard timber samples, with the exception of the Eucalyptus sample, which was 
noted as ‘farm-grown’. Regardless, the types of samples did not contribute to the difference in 
correlation.  
The first assumption was that perhaps the correlation between hardwoods and softwoods was the 
cause of the difference between the regression plots between the two studies. Again, the data from 
Awan et al. (2012) lowered the R2 value to 2.5% for hardwoods (Figure 55). Without the Awan et al. 
(2012) study, the relationship increases to 50%. The correlation with the softwoods between tensile 
strength and MOR is 46.9% (Figure 56). Therefore, within the data given by Green et al. (1999), the 
relationship between tensile strength and MOR is similar, regardless of a tree being a hardwood or 
softwood. 
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Figure 55 Correlation between tensile strength and MOR in hardwoods adapted from Awan et al. (2012) and Green et al. 
(1999). 
 
Figure 56 Correlation between tensile strength and MOR in softwoods adapted from Awan et al. (2012) and Green et al. 
(1999). 
This is significant because it show that whether a tree is a hardwood or softwood, the relationship 
between MOR and tensile strength will be similar. This knowledge will aid in future studies by enabling 
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researchers to choose trees more freely, without the restriction of classification of wood. However the 
data are sparse and further work would be useful in this area. 
5.2.1 t-Test of Tensile Strength and MOR 
Several t-Tests were calculated to determine if the values between MOR and tensile strength varied 
significantly (Table 16). Between the different sets of data for tree species, the MOR p-value equalled 
0.62, which was more than 0.05, meaning that the values were not significantly different. The p-value 
for the t-Test on just the softwood trees equalled 0.88, which is still insignificant and higher than the p-
value for all trees. The p-value for the t-Test on just the hardwood trees equalled 0.43, which is still 
insignificant but is lower than the p-value for all trees and softwoods.  
t-Test p-value Degrees of Freedom 
All Trees 0.62 50 
Awan et al. 2012 0.01 6 
Green et al. 1999 0.33 40 
Hardwoods 0.43 20 
Softwoods 0.88 28 
Table 16 p-values from several t-Tests with their degrees of freedom. 
The p-value for the t-Test on the study by Awan et al. (2012) is 0.01 (Table 16; Table 18), which is very 
significant, meaning the correlation between tensile strength and MOR is strong within these species. 
This indicates that these species give MOR values that can be related to tensile strength, which relates 
to tree failure. Why this study showed significant results and a strong correlation is unknown, but with 
further research and more comparisons between tensile strength and MOR, the reason may be 
revealed. 
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Table 17 t-Test on all tree species provided by data from Awan et al. (2012), Green et al. (1999) and Kretschmann. 
 
Table 18 t-Test on data provided by Awan et al. (2012). 
It was assumed that tensile strength and MOR had a positive correlation due to the regression plots and 
R2 values, especially with the softwoods and the separated data. However the t-Tests show that there 
are conflicting results: that tensile strength and MOR cannot be related directly with the data from 
Green et al. (1999) yet are related directly with the data from Awan et al. (2012). Even though the Green 
et al. (1999) data showed no correlation, the two properties could still be related indirectly.  
To understand how a tree fails, it is important to understand all properties of the tree, which includes 
both tensile strength and MOR values. A tree exhibits tension and compression stresses as well as 
internal pressures, such as MOR. The MOR values of these two Eucalyptus species show that the flexural 
strength is higher than average trees, possibly meaning that Eucalypts can withstand more wind.  
t-Test: Two-Sample Assuming Equal Variances
Static bending (MOR) Tensile Strength (kg/cm2)
Mean 845 816.0
Variance 45059 42346
Observations 26 26
Pooled Variance 43702
Hypothesized Mean Difference 0
df 50
t Stat 0.501
P(T<=t) one-tail 0.309
t Critical one-tail 1.676
P(T<=t) two-tail 0.619
t Critical two-tail 2.009
t-Test: Two-Sample Assuming Equal Variances
Static Bending (MOR) Tensile Strength
Mean 1094 637.8
Variance 49789 11623
Observations 4 4
Pooled Variance 30706
Hypothesized Mean Difference 0
df 6
t Stat 3.682
P(T<=t) one-tail 0.005
t Critical one-tail 1.943
P(T<=t) two-tail 0.010
t Critical two-tail 2.447
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Chapter 6: Conclusion and Recommendations 
 
6.1 Conclusions 
As stated in Section 1.8, the key research objectives for this thesis were to; 
 Provide a literature review on the properties of eucalypts and highlight the gaps in knowledge; 
 Measure the diameter at breast height (DBH), deflection, modulus of elasticity (MOE) and 
modulus of rupture (MOR) on two species of common Eucalyptus trees: River Red Gum 
(Eucalyptus camaldulensis) and Candlebark Mountain Gum (Eucalyptus rubida) by; 
 In field measurements of DBH; 
 Taking core samples and local wind measurements; 
 Compare the Fractometer measurements of MOR with Static Bending Tests of similar Eucalyptus 
species and other tree species; 
 Compare measurements and results with other species of common trees; 
 Estimate the drag coefficient and critical wind speeds for one of the species of Eucalypt tested. 
 
Thus parameters such as tree shape, DBH, crown area, drag coefficient and material properties were 
estimated or measured and these were used to predict the critical wind speed for stem breakage.   
 
In order to investigate a means of obtaining material properties from living trees (via small core samples 
rather than the industry-standard method of bending tests from felled timber) the use of a relatively 
new instrument was investigated; the “Fractometer II”.  It was found that it could potentially 
complement the industry standard method of testing, because the MOR for E. camaldulensis did not 
significantly differ between either testing methods, meaning that either method would yield valid 
results. In conclusion, static bending tests (even when compared with different studies) revealed similar 
results as Fractometer testing, since the MOR values only differed 13.3 Mpa.  This will give researchers 
more options when studying trees and wood properties, because Fractometer testing is versatile and 
mobile, thus does not need trees to be felled.  
 
E. camaldulensis and E. rubida were found to be significantly different to each other in their MOR 
values, thus it was recommended that Eucalypts be studied at the species level. This finding also implied 
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that other species of Eucalypts would also have significantly different MOR values. The current study 
found the MOE to be 11.1 Gpa, which was similar to other studies on the same species (Ozarska 2009 
recorded 11.2 Gpa) for E. camaldulensis.  
 
There was a positive correlation between DBH and crown area (72.6%) for E. camaldulensis. Regardless 
of the conflicting results from the literature (the correlation between MOR and tensile strength ranged 
from 45.7%-98.9%) and the lack of research on tree tensile strength, there was a relationship between 
the two mechanical properties but with no strong statistical evidence.  
 
From the method used to estimate drag coefficients a high range of values were found (from 0.670 - 
0.915). The drag coefficients for E. camaldulensis were within range of other trees (i.e. not Eucalyptus), 
which was not expected, because of their very “open” branch and leaf structure.  It was, however, 
similar to most other tree studies. The critical wind speeds ranged from 37.6 - 111 m/s for stem 
breakage, which was within the range expected from historical data on fallen trees in Victoria. 
6.1.1 Limitations 
There were several limitations and difficulties when conducting the experiments, which included: 
 Finding previous research on structural and mechanical properties of different Eucalyptus 
species; 
 Obtaining straight core samples with the grain of the tree in the right direction, which was 
overcome by taking a large number of samples; 
 Branches were sampled but were found difficult to drill due to diameter size (one of many 
reasons they were excluded); 
o Drilling vertically (initially wanted to compare to standard method of testing small 
samples) was difficult due to the splitting of the wood and a right angle to the fibres of 
the wood and therefore was excluded from the research; 
 Acquiring timber from specific species of Eucalypt was difficult which is why only E. 
camaldulensis was tested with this method. 
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These limitations did not affect the conclusions of this research, except for the static bending tests, 
which were only conducted with one species. Had the other species been readily available, the results 
would have included more variety in Eucalypts.  
6.2 Recommendations 
Due to the general lack of data on the 700+ species of Eucalypts and in particular of the structural 
properties, building an experimental database for all researchers to reference and use is a foundation 
that is needed in the timber industries. More confidence in conclusive results will dispute any conflicting 
results, such as the studies by Green et al. (1999) and Awan et al. (2012).  
Additional static bending tests on more species of Eucalypts would also benefit with comparison to 
Fractometer results and overall mechanical properties of Eucalyptus trees.  The most difficult part of 
static bending tests for Eucalypts is finding samples of different species. Only a fraction of the 700+ 
species of Eucalyptus trees are available as timber and can be cut into the standard sample size. 
Therefore, samples would need to be cut from a felled tree. It is recommended that at least thirty 
samples of each species be tested and at least 5 different species be studied in future testing. This would 
ensure a larger random pool of samples and more species to add to an overall database.  
To estimate critical wind speed within trees, the equation for stem breakage by Gardiner et al. (2000) 
used for looking at trees in a stand (Equation 5).  
[5]  
When studying individual trees, it is suggested that a new equation be created or this one modified in 
order to evaluate critical wind speeds. 
The drag coefficients and critical wind speeds of selected Eucalypts were found to vary considerably. 
Thus it is suggested that a larger sample is considered in future research.  As the shape of Eucalypts is 
very complex and open, it is difficult to easily and accurately calculate an area on which to base the drag 
coefficient.  In this work a manual method was used which proved to be very time-consuming, thus a 
better method might be found from vision-based software.   
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Drag coefficient is generally assumed to be invariant with wind speed, which is not entirely accurate 
since trees become more streamline as the wind speed increases. Thus measuring should really take 
place at more extreme wind conditions which would increase the veracity of the critical wind speed 
predictions; however this would increase the challenge of mapping the area. Having more anemometers 
and accelerometers on various trees during strong winds and a much longer statistically stationary 
signal, would give a more accurate description of the movements of the tree. By positioning three 
anemometers in a triangle formation around the tree (Figure 57), the wind patterns could be more fully 
captured including wind directional variation. 
 
 
Figure 57 A suggested experimental setup for future research. 
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Appendix A 
 
The three-axis accelerometers were first statically calibrated by being placed on a flat surface. After sixty 
seconds of recording, the accelerometer would then be turned to record from another axis. This was 
repeated until all axes for all accelerometers were recorded. Then the data was checked to make sure 
that each accelerometer recorded the static data correctly. Once this was completed, the next set of 
calibrations occurred.   
The accelerometers were calibrated using a model shaker for 100lb pak, model #2100E11. A synthesized 
function generator (GwInstek SFG-2004) and a digi storage oscilloscope (GDS-2102, 100MHz 1G Sa/s) 
were connected to the shaker (Figure 58). An accelerometer (model PCB 338A35 SN 1689 ICP) was 
attached to the shaker to ensure no discrepancies (Figure 59).  
 
Figure 58 The setup of the calibration tests. 
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Figure 59 The 3-axis accelerometer attached to the shaker. 
The calibration tests were based on 9.80g in Melbourne, Australia. The ICP accelerometer was 107mV 
per 9.80g. When calibrating the ICP accelerometer, anything less than 1 hertz did not show on the 
oscilloscope. Readings less than 1 hertz contained a large amount of noise in both accelerometers, 
which proved that the problem was not the accelerometers reading below 1 hertz, but the shaker 
output. The shaker was not giving the correct motion for a sin wave at 1 hertz. 
When deciding on which value to calibrate with, it was considered that the number needn’t be too high, 
so as to capture a frequency similar to those of tree trunks, nor too low, so that the accelerometers 
would pick up the frequencies. Therefore 5 hertz was decided upon (Figure 60 and 61).  
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Figure 60 The oscilloscope screen reading 5Hz with the ICP accelerometer. This shows it outputs approximately 50mV. 
 
Figure 61 The generator and oscilloscope reading 5Hz while the shaker is on with the accelerometers. 
The frequency was moved until the Vrms on the oscilloscope read to be 107mV, which equalled the ICP 
accelerometer, proving it to be 1g at 11Hz (Figure 60).  Once 1g was known, the 3-axis accelerometers 
were attached to the shaker one at a time and recorded for five minutes each at 11Hz (Figure 62 and 
63).  
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Figure 62 The oscilloscope screen at 11Hz. 
 
Figure 63 The 3-axis accelerometer at 11Hz for 1 minute. 
It was found that the 3-axis accelerometers were offset at 10m/s^2, but were reading the same sin 
wave. They were also found to have 1.5G on each side of the graph, equalling 3G altogether (Figure 63). 
This shows that the 3-axis accelerometers were reading the same as the ICP accelerometer, and were in 
fact functioning correctly. The accelerometers were also calibrated outside the laboratory with static 
measurements and also by manually shaking a small tree. 
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